Surface Chemistry of 



Froth Flotation 



SECOND EDITION 



Volume 1 • Fundamentals 






Revised Edition by 

S. R. Rao 



First Edition by 

Jan Leja 






Surface Chemistry 
of Froth Flotation 
Volume 1 : Fundamentals 
Second Edition 




Surface Chemistry 
of Froth Flotation 

Volume 1: Fundamentals 

Second Edition 



Revised by 

S. Ramachandra Rao 

McGill University 
Montreal, Quebec, Canada 



First Edition by 

Jan Leja 

University of British Columbia 
Vancouver, British Columbia, Canada 



Springer Science+Business Media, LLC 




Library of Congress Cataloging- in-Publication Data 



Rao, S. Ramachandra. 

Surface chemistry of froth flotation. — 2nd ed./S. Ramachandra Rao. 
p. cm. 

Rev. ed. of: Surface chemistry of froth flotation/Jan Leja. cl982. 

Includes bibliographical references and index. 

Contents: v. I. Basic principles — v. 2. Reagents and mechanisms. 

ISBN 978-1-4757-4304-3 ISBN 978-1-4757-4302-9 (eBook) 

DOI 10.1007/978-1-4757-4302-9 

1. Flotation. 2. Surface chemistry. I. Leja, Jan. Surface chemistty of froth flotation. II. 
Title. 

TN523.L37 2004 
622'. 752 — dc22 

2003062067 



©2004 Springer Science+Business Media New York 

Originally published by Kluwer Academic Publishers / Plenum Publishers, New York in 2004 
Softcover reprint of the hardcover 2nd edition 2004 

http://www.wkap.nl/ 

10 9876 5 4321 

A C.I.P. record for this book is available from the Library of Congress 
All rights reserved 

No part of this book may be reproduced, stored in a retrieval system, or transmitted in any form 
or by any means, electronic, mechanical, photocopying, microfilming, recording, or otherwise, 
without written permission from the Publisher, with the exception of any material supplied 
specifically for the purpose of being entered and executed on a computer system, for exclusive 
use by the purchaser of the work. 

Permissions for books published in Europe: permissions@wkap.nl 

Permissions for books published in the United States of America: permisxions@wkap.com 





Foreword 



The technology of froth flotation, invented in the early 20 th century was first used 
for the concentration of sulfide minerals. Since then it has been applied for the 
processing of many nonsulfide ores as well, including oxides, carbonates, 
silicates, soluble minerals like halite and sylvite and energy minerals like coal 
and bitumen. In recent years it has been used for several nonmineral 
applications, such as waste water treatment, deinking of paper for recycling and 
resource recovery from industrial wastes he technology continues to grow with 
new applications reported every year. 

Flotation is based on chemical phenomena occurring at the interfaces, solid/water 
and air/water. Surface Chemistry principles have played a significant role in the 
development of flotation technology. Knowledge of aqueous solution chemistry 
and electrochemistry has added to our understanding of the reactions in flotation 
systems. 

Professor Jan Leja's book has well served researchers and students as they tried to 
understand the chemistry of flotation, and it is a significant contribution to the 
advancement of knowledge. However, since the book was first published, new 
research techniques and ever growing information have made an update 
necessary. The revised edition compiled by Dr. S. R. Rao has brought together 
fundamental aspects of the chemistry of flotation and how they apply to practical 
systems. It should serve all who are working in the area of flotation and 
interested in exploring new applications of flotation technology. 



J. A. Finch 
Industry Professor 
of Mineral Processing 



Department of Mining, Metals 
and Materials Engineering 
McGill University 
Montreal, Quebec, Canada 
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Preface 



In the last 20 years since the publication of Professor Leja's "Surface 
Chemistry of Froth Flotation" many new advances have take place in the subject. 
These are mainly motivated by the increasing complexity of the ores which are 
required to be processed. Flotation continues to be a major, widely adopted 
technique for separation of minerals from low grade and complex ores. Flotation 
is also being applied, with a great degree of success for many non-mineral 
systems like deinking of papers for recycling, oil sands processing, wastewater 
treatment and in several chemical process industries. Significant developments in 
the knowledge of the chemistry of flotation have been made possible by the 
application of new surface and electrochemical and analytical chemical methods 
which have been developed in the last 30 years. In view of such developments, 
when I proposed to Jan Leja the idea of writing a revised edition of his book, he 
responded affirmatively stating that I have a "free hand". 

Prof. Leja's style of presentation, starting from fundamentals and building up 
the subject to discuss the current developments including some controversies, 
have been retained. The scope of the book and topics presented are essentially the 
same as those explained by Prof. Leja in his preface to the first edition, which is 
reproduced in the present book. In summary, primary focus is on chemistry of 
flotation, while the topics of hydrodynamics, process modeling, etc. are referred 
to in other published works. While the basic approach is largely unchanged, the 
material has been reorganized with four additional chapters. Integration of new 
developments required extensive rewriting of several sections in most chapters of 
the first edition. 

As investigations in Flotation and its applications are continuing many 
reports of interesting results are published every year. Specific examples to 
illustrate the basic principles and applications are selected in the book. The reader 
will find many more such reports of investigations, of interest in specific areas, in 
Flotation literature, described in Chapter 1 . 

It is a great pleasure to acknowledge the co-operation and encouragement 
received from my friends and colleagues during various stages of the manuscript 
preparation. First and foremost, my special thanks go to Prof. Jim Finch, NSERC 
Industry Professor of Mineral Processing at McGill University. He heartily 
supported the project, then spent many hours of his time reading the various 
chapters. His constructive suggestions have, I believe, helped to enhance the 
technical quality of the publication. I want to thank Prof. Robin Drew, Chair of 
the Department, for his interest and providing excellent department facilities, 
which made the work possible. My colleagues from universities across Canada 
have helped in various ways providing technical input and useful suggestions. 
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They are Prof. Janusz Laskowski, University of British Columbia, Vancouver, 
Prof. Zhenghe Xu, University of Alberta, Edmonton, Prof Sadan Kelebek, 
Queen's University, Kingston, Ontario and Prof. Andre Laplante and Dr. Cesar 
Gomez, my colleagues at McGill University. I received technical input from 
colleagues in industry as well, Dr. Manqiu Xu (Inco), Dr. Asim Tuziin 
(Falconbridge), Dr. Stephane Brienne (Teck Cominco) and Dr. Tony Difeo 
(Noranda). I should also acknowledge with thanks, the support of several 
Canadian mineral industries, notably, Inco, Noranda, Falconbridge and Teck 
Cominco, and the Natural Science and Engineering Research Council of Canada 
(NSERC) for the ongoing mineral processing research and education program at 
McGill University. 

I have derived great benefit by discussions with many graduate students and 
recent graduates of McGill Mineral Processing group, who also helped in several 
ways. They include, Dominique Lascelles, Dr. Mitra Mimezami, Jose Hernandez, 
Dr. Luis Calzado, William Xiao, Mustafa Tarkan, and Dr. Elias El-Ammouri. 
Specific technical contributions of individuals are acknowledged at appropriate 
places in the text 

Manuscript preparation was by Barbara Hanley (McGill) and the work on 
graphics by Armando Navarrete (e-Graph, Montreal). Computer help by Ray 
Langlois is gratefully acknowledged. . 

The assistance received from the editorial staff of Kluwer Academic 
Publishers is greatly appreciated. 



Department of Mining, Metals and Materials Engineering 
McGill University 
Montreal, Quebec, Canada 



S. R. Rao 




Preface to the First Edition 



The process of froth flotation is an outstanding example of applied surface 
chemistry. It is extensively used in the mining, mineral, metallurgical, and 
chemical industries for separation and selective concentration of individual 
minerals and other solids. Substances so concentrated serve as raw materials for 
producing appropriate metals and chemicals. The importance of flotation in 
technology is chiefly due to the ease with which it can be made selective and 
versatile and to the economy of the process. 

The objective of this book is to review the fundamentals of surface chemistry 
together with the relevant aspects of organic and inorganic chemistry that - in the 
opinion of the author - are important to the control of the froth flotation process. 
The review updates the information that had been available in books by 
Sutherland and Wark (1955), Gaudin (1957), Klassen and Mokrousov (1963), 
and Glembotsky et al. (1963). It emphasizes mainly the surface chemical aspects 
of the process, leaving other relevant topics such as hydrodynamics, mechanical 
and electrical technology, circuit design and engineering, operations research, 
instrumentation technology, modeling, etc., to appropriate specialized treatments. 

In Chapter 1 a brief review of the flotation field with its main areas of 
applications is given. Chapters 2, 3, and 4 deal, respectively, with basic concepts 
of physical and chemical bonding, an outline of the crystallography of solid 
minerals, and an outline of the structure of water and aqueous solutions. Chapter 
5 is devoted to a discussion of organic reagents known as surfactants. Some of 
these constitute the most important flotation additives, called collectors, which 
control the conversion of hydrophilic into hydrophobic solids. Other surfactants 
affect the kinetics of attachment of particles to air bubbles and are known as 
flotation frothers. The basic aspects of the heterogeneous nature of solid surfaces 
are presented in Chapter 6, while some of the electrical characteristics of 
solid/liquid interfaces are discussed in Chapter 7. Different qualities involved in 
the adsorption of surfactants at the various solid/liquid interfaces determine the 
extent of separation selectivity that can be achieved in froth flotation. These 
adsorption mechanisms are considered in Chapter 8. The formation of foams and 
froths and the mechanisms of thinning of liquid films interposed between two 
approaching particulates (such as those existing between a solid particle colliding 
with an air bubble) are covered in Chapter 9. Inorganic additives such as salts, 
acids, and bases are extensively employed as the so-called modifying agents, or 
activators and depressants. They are indispensable adjuncts to the achievement of 
selective separations in complex mixtures. Their role and mode of action are 
reviewed in Chapter 10. 
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Preface to the First Edition 



This book is intended, primarily, for research workers in the flotation field 
and, in part, for honor students in mineral processing courses or operators in 
industrial flotation plants. Its purpose is to complement the books dealing with 
practical aspects of flotation. The book may also contribute to the compilations of 
papers presented at various international or national congresses and symposia. 
The reader will find, however, neither ready answers nor formulated recipes for 
carrying out specific separations by flotation. The latter objective is better served 
by some of the books listed at the end of Chapter 1. Again, the references 
included at the end of this book are not intended to be all-embracing. That 
purpose is served by the IMM Abstracts, Dow’s Flotation Index, and ACS 
Chemical Abstract Selects. 

It is a great pleasure to acknowledge the most helpful comments and 
suggestions received from my friends and colleagues during various stages of the 
manuscript preparation. In particular I wish to express my thanks to Dr. N. P. 
Finkelstein (formerly at the NIM, Johannesburg, R.S.A.; presently at the IMC 
Institute for Research, Haifa, Israel), Professor J. S. Forsyth (University of 
British Columbia), Professor R. N. O'Brien (University of Victoria, B.C.), Dr. A. 
Pomianowski (PAN, Krakow, Poland), Dr. S. R. Rao (University of Regina, 
Regina, Canada), Dr. J. Szczypa (UMCS, Lublin, Poland), and my colleagues in 
the Department of Mining and Mineral Process Engineering at the University of 
British Columbia: Professors G. W. Poling, A. Mular, and J. B. Evans (presently 
in the Department of Mining & Metallurgy, University of Melbourne, Australia). 

Technical help was provided over periods of time by Sally Finora, Dave 
Hornsby, June Wrobel-Randle, Connie Velestuk, and Melba Weber. To all of 
them I extend my sincere appreciation. 

I feel greatly indebted to the late Dr. J. H. Schulman, who had kindled my 
interest in surface chemistry when he was Reader in the Colloid Science 
Department, Cambridge University, England. It was his suggestion (made in 
1967) that initiated the tardy process of this book preparation. 

To my former graduate students and postdoctorate associates, who shared 
with me their interest and ideas in research, I express my sincere thanks for their 
invaluable cooperation. 

The assistance received from the editorial staff of Plenum Publishing 
Corporation is greatly appreciated. 

Department of Mining Jan Leja 

and Mineral Process Engineering 
University of British Columbia 
Vancouver, Canada 
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8 Wavelength 

8 Constant related to Young's modulus of elasticity 

8 Electrical conductivity of solution in streaming potential 

8, Characteristic absorption wavelength of species i 

Dipole moment 

: h Chemical potential of the thin film of thickness h 

'a, b Chemical potential of species i. A, B 
: )iq Chemical potential of the bulk liquid 

Standard chemical potential of i at a concentration of 1 

mol/liter 
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Kinematic viscosity, < = 0 /k (square meters per second) 
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Disjoining pressure 

Electrical contribution in thin films due to an overlap of two 
electrical double layers 

Disjoining pressure at thickness h corresponding to equilibrium 

with external pressure P 

Steric hindrance contribution in thin films 

van der Waals contribution to disjoining pressure in thin films 

Density 

Charge density 

Sticking coefficient (condensation coefficient) 

Dielectric relaxation time 

Induction time for bubble-particle attachment 

Induction time for thinning from ho to lv 

Induction time for thinning of a thin film from macrothickness 

to h a thickness, determined by the hydrodynamic or capillary 

forces 

Constant in Good and Girifalco's equation 
Surface or film pressure (N = ( - („) 

Inner potential of phase V, M, or 3 
Angle of inclination 
Surface potential of phase V, 3 
Magnetic susceptibility of an atom 
Surface potential (potential at OHP) 

Outer potential of the phase V, 3 

Volta potential difference 

Cohesive energy per methylene group frequency 

Constant in the differential capacitance equation 
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Area of surface, of film 
Critical surface area per molecule 
Hamaker constant 
Polarization constant 

Parameter representing the extent of lateral interactions 

between adsorbates 

Constant in the van der Waals equation 

Work done in transporting a unit charge 

Activity of species A or i 

Activity of a surfactant 

Constants 

Hamaker constant for retarded forces 
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Constant in the van der Waals equation 

Constant in the Langmuir adsorption isotherm 

Constant for the given ionic compound 

Constants 

Constant in the BET equation 
London dispersion forces constant 
Coordination number 

Concentration of surfactant for initial formation of (first) black 
film 

Capacitance of the Helmholtz ( C H ) or Gouy-Chapman layer 
Velocity of light (in vacuum = 2.99795 H 10 8 ms' 1 ) 
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Concentration of (ionic) species i 
Concentration of a surfactant 

Initial concentration of (ions) species in the bulk solution 
Diffusion coefficient (square centimeter per second) 

Diameter of particle, molecule 
Separation distance of capacitor's plates 
Distance between centers of ions 
Spacing between atoms in a metallic lattice 
Spacing between atoms in a semiconductor 
Elastic constant 

Applied potential or measured potential 
Edge effect function for sessile drops 
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Eotvos number 
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Ionization energies of the atoms 
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Exchange current density 

Superficial gas velocity 
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Experimental constant 

Constant in Temkin's equation 
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London force constant for retarded forces 
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Boltzmann's constant = 1.3805 H 10' 16 erg deg' 1 
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Permeability coefficient (in mass transfer) 

Kinetic rate constant 

Characteristic dimension (e.g., of the orifice, of the bubble) 
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dipole 

Distance between electrodes 
Thickness of space charge layer 
Molecular weight 
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T 

Tic, Ti C 



t 
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Mole per liter (mol/dm 3 ) 

Mass of a molecule 

“Salt” parameter in Gibbs adsorption equation (2.83) 

Capillary rate (of dropping mercury electrode) (grams per 
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Avogadro's number = 6.02252 H 10 23 mol' 1 

Exponent of the electronic configuration 
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Number of molecules striking a unit surface every second 
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Refractive index 

Pressure 

Partial pressure, p A = x A P 

probability of bubble particle collision, attachment, detachment 

respectively 

Molar polarization 

Heat, energy 

Partition function related to Helmholtz free energy F* 

Moles of material transferred in time t 
Energy (heat) of chemisorption 
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Energy (heat) of physical adsorption 
Space charge 
Surface state charge 

Gas constant = 1.9872 cal deg' 1 mol" 1 = 8.3143 J K' 1 = 

0.082057 liter atm deg' 1 mol' 1 
Rate of adsorption 
Rate of desorption 
Reynolds number 
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Entropy 

Spreading coefficient 
Surface area of a drop 
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Absolute temperature (°K) 
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Keesom effect (energy of dipole interaction) 

Characteristic velocity of the fluid motion 
Volume 

Molar volume of a liquid 
Amount of gas for a monolayer coverage 
Specific volume of a 1-cm 2 monolayer 
Velocity of a particle or bubble; electrophoretic velocity of a 
colloid 

Volume of gas adsorbed on a surface 
Work of adhesion 
Work of cohesion 
Proportionality factor 
Displacement depth (centimeters) 

X B Mole fraction of A and B 

Mole fraction of a surfactant 
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Modulus of elasticity 
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Valence 

z Number of electrons 
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Units and Symbols 

Most of the published literature and equations on intermolecular and surface 
forces are based on the CGS system of units. In this book the SystFLne 
Internationale (SI) is adopted, except in a few places where CGS units are used. 
In this system the basic units are the kilogramme (kg) for mass, the meter (m) for 
length, and the second (s) for time; some old units such as g (gram = 10' 3 kg) and 
cm (centimetre = 10" 2 m) are still sometimes used. The basic electrical unit is the 
ampTIre (A). The SI system has many advantages over the CGS, especially when 
it comes to forces. For example, force is expressed in newtons (N) without 
reference to the acceleration due to the earth’s gravitation, which is implicit in 
some formulae based on the CGS system. 

Basic Units 
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Length 


Meter 
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Centimeter 
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Millimeter 


mm 
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pm (= 10' 6 m) 




Nanometer (millimicron) 


nm (mp) (= 10' 9 m) 




Angstrom 


A= 10' 10 m 


Mass 


Gram 


g 




Kilogram 


kg 


Time 


Second 


s or sec 




Minute 


min 




Hour 


hr 



Derived SI units 
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Definition of Unit 


Energy 


Joule 
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kg m 2 s' 2 


Force 


Newton 
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kg m s 2 = J m' 1 


Pressure 


Pascal 


Pa 


Nm' 2 


Electric current 


Ampere 


A 




Electric charge 


Coulomb 


C 


A s 


Electric potential 


Volt 


V 


J A' 1 s“ = J C* 


Frequency 


Hertz 


Hz 


s" 1 
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Molar gas constant 


R = 


Nok 


8.314 JK' 1 mol' 1 


8.314 H 10 7 erg/mole 
deg 


Electronic charge 
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1.602 H 10' I9 C 


4.803 H 10' 10 esu 


Planck’s constant 


h 




6.626 H 10' 34 J s 


6.626 H 10' 27 erg sec 


Permitivity of free space 


Yo 




8.854 H 10 12 C 2 J' 1 


m' 1 




m D 




mnamm 


1.672 H 10' 24 gm 


Speed of light 


c 
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Faraday constant 
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96,485 Cmol' 1 
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Prefix G M 
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symbol 

Conversion from CGS to SI 

1 erg = 10' 7 J 
1 cal = 4.184 J 

1 eV = 1.602 H 10' 12 erg = 1.602 H 10' 19 J 
1 kcal mole' 1 = 4.184 kJ mol' 1 

1 atm= 760 mmHg = 1.013 H 10 6 dyne cm' 1 = 1.013 H 10 s Pa = 101.3 kPa 
1 Torr = 1 mm Hg = 133.3 Pa 
1 dyne = 10' 5 N 

1 dyne cm' 1 =1 mN m' 1 (unit of surface tension) 

1 dyne cm' 2 = 10' 1 Pa (N m' 2 ) 

1 erg cm' 2 = 1 mJ m' 2 (unit of surface energy) 

1 esu = 3.336 H 10' 10 C (coulomb) 

1 Debye (D) = 10' 18 esu cm = 3.336 H 10' 3 ° C m (unit of electric dipole moment) 



Conversion from SI to CGS 

1 J = 10 7 erg = 0.239 cal = 6.241 H 10 18 eV 
1 kJ mol' 1 = 0.239 kcal mole' 1 
1 N = 10 s dyne 

1 Pa = 9.87 H 10' 6 atm = 7.50 H 10' 3 Torr = 10 dyne cm' 2 
1 C = 3.00 H 10 9 esu 
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Introduction 



1.1. Scope of Flotation 

Heterogeneous mixtures of finely subdivided solid phases frequently require 
an efficient technique for separation of components. Separations of solids can be 
achieved, for appropriate particle sizes denoted by diameter d, by techniques 
exploiting the following physical and physicochemical characteristics: 



Color 

Specific gravity 

Shape and size 
Electrical charge 

Magnetic susceptibility 

Radioactivity 
Surface properties 



In sorting (of lump coal or other distinct minerals, 
when d ~50 mm) 

In wet or dry gravity concentration techniques (d > 
0. 1 mm) 

In screening and classification (d > 0.04 nun) 

In electrostatic separation of well -dried materials 
(0.05 < d < 5 nun) 

In wet or dry magnetic concentration devices (0. 1 < 
d < 5 mm) 

In radiometric sorting (5 mm <d< 1000 mm) 

In froth flotation, spherical agglomeration, selective 
flocculation 



Of the preceding, it is the surface properties exploited in separations by froth 
flotation and spherical agglomeration that will be the subject of this text. 
Spherical agglomeration and selective flocculation processes have not yet 
assumed the same dominance in the industrial field as froth flotation. The 
underlying All three are based on exploiting similar surface properties. 

Froth flotation is frequently employed for separations of solids encountered 
particularly in the primary mineral and chemical industries. Materials mined 
from any deposit within the earth's crust usually represent a highly 
heterogeneous mixture of solidified phases: these are mostly crystalline and 
represent various minerals. Occasionally, they are noncrystalline (amorphous) 
such as, for example, coal, glasses, resins, and opal. Crushing and grinding 
operations are employed to free the individual phases from their neighbors, that 
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is, to liberate the mineral species and, occasionally, to reduce the size of solids 
to the range suitable for the intended separation technique. Once mineral species 
are liberated, an economic recovery of the valuable component(s) contained in 
the original mixture depends greatly on the application of the most appropriate 
separation or concentration process. 

Of the surface properties, flotation and spherical agglomeration exploit two, 
surface energy and surface excess charge (or surface potential). At constant 
temperature, any differences in these two parameters exhibited by various 
minerals can be used if the solids are contacted with either two immiscible 
liquids, such as oil and water, or with two fluid phases, that is, a liquid and a 
gas. The differences in interfacial tensions lead to a preferential nonwetting of 
some minerals by one fluid, namely water. This differentiation enables the 
nonwetted (hydrophobic) solids to be separated in a froth if the nonwetted solids 
are allowed to contact air bubbles as in froth flotation, or, alternatively, if an oil 
is employed as in oil flotation or in spherical agglomeration, the nonwetted solid 
is collected in the oil phase. (The terms will be explained in Chapter 4). 

Separation processes exploiting the surface characteristics of solids differ 
from all other solid/solid separation processes in the relative ease of adjusting 
and controlling the respective interfacial tensions and surface charges. This 
possibility of varying the relative properties of different interfaces contained in 
the system makes the froth flotation and spherical agglomeration processes more 
versatile and universal than any other industrial separation process. The 
physical parameters being exploited in the other separation techniques, e.g., 
specific gravity, magnetic susceptibility, etc., cannot be changed easily. 

The surface properties of different solids are controlled by different classes 
of reagents, each with a specific function. Details of their action and mechanism 
will be the principal subject of this book. 

In addition to chemical reagent control, the overall process of selective 
separation by froth flotation depends on many other factors, such as, for 
example, the physical and the mechanical features of thinning of liquid films, 
the hydrodynamics of solid-in-water slurries, the kinetics of chemical reactions 
and of physical processes such as wetting, and the attachment of solid and fluid 
phases. Some of these topics will be discussed. 

The flotation process is applied on an ever-increasing scale in the 
concentration of metallic ores of Cu, Pb, Zn, Co, Ni, Mo, Sb, etc., whether 
sulfides, oxides, or carbonates, as a preliminary step to metal production. It is 
also used in concentrating the "nomnctallic" minerals which are utilized as raw 
materials in the chemical industry, for example, CaF 2 , BaS0 4 , NaCl, KC1, 
sulfur, alumina, silica, clay. etc. In the treatment of solid fuels, flotation is 
employed to remove from coal fines the ash-producing shale and rock and the 
associated metallic sulfides, which cause air pollution by S0 2 during 
combustion. 

The most important raw materials for the production of the nonferrous 
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metals such as copper, lead, zinc, nickel, cobalt, molybdenum, mercury, and 
antimony are metal sulfides. All these metals are derived from ores subjected to 
flotation. The grades of ores are generally low; hence the quantities of metallic 
ores treated by flotation are typically more than two orders of magnitude greater 
than the metals produced. In addition, potash (used in fertilizer), coal (widely 
used fuel), oxide minerals like, for example, those of iron (hematite), manganese 
(pyrolusite), niobium, carbonates like calcite, and non-metallic minerals like 
quartz (Si0 2 ) are processed by flotation. It is estimated that over 2.0* 10 9 tonnes 
of ores are being treated annually by flotation processes. In some operations 
flotation is employed in conjunction with another one or more mineral 
processing techniques like gravity or magnetic separation. 

Different mixtures of solid particles encountered at various stages of 
production in the chemical industries can be, and frequently are, separated using 
flotation techniques. For example, ink can be removed from recycled paper; the 
Kodak Company employs froth flotation to recover metallic silver from 
photographic residues; "cement copper,” which is precipitated on scrap iron 
from acid mine effluents or from solutions derived in leaching oxide copper 
ores, is frequently recovered by flotation. Flotation of heavy crude oil from the 
tar sands in the Athabasca River deposits of northern Alberta (Canada) 
represents a unique process in that a viscous fluid (bitumen) is separated from 
solids (mostly silica sand and clay minerals) in water. Recent applications of the 
flotation technique are the various antipollution measures in water, sewage, and 
effluent treatment. Colloidal suspensions, bacteria, and traces of harmful 
metallic ions are removed by a modified flotation procedure, referred to as ion 
flotation or precipitate flotation [Gaudin (1957), Sebba (1962), Lemlich (1972)]. 

Note. There is a tendency to introduce new terms for each modification of 
the same technique. When the levitation of particles heavier than water was 
achieved in the process of concentration bv means of large quantities of oil, the 
process wax called bulk oil flotation. When small quantities of oil were 
employed, it was called skin flotation. When the oil was replaced by small 
quantities of surfactants and the particles became levitated by bubbles forming 
a layer of froth, the process became froth flotation. The term flotation 
superseded froth flotation. A related process where surface active substances 
are removed from solution by adsorption at gas-solvent interfaces using 
extremely small size bubbles is called foam fractionation. While ion flotation is 
distinct from flotation of particulates and is thus justified, the other terms, such 
as colloid, micro- and precipitate flotation appear to the authors to be 
unjustified. 



1.2. An Outline of a Mineral Flotation System, Definitions 



The technique of selective separation by froth flotation can be efficiently 
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applied only to those mixtures in which the particulates to be separated are 
present as liberated (i.e., individually free) grains. To become levitated by the 
buoyancy of the bubble, these particles must be smaller than a maximum size. 
This maximum size is generally below 300 pm (a micrometer, 1 pm = 10" 6 m = 
10 4 A), and the limiting parameter is usually the available adhesion between the 
particle and the bubble. As regards a minimum size, in most instances flotation 
becomes less effective when the size is reduced by grinding to below —10 pm. 
(Some of the causes of this behavior are discussed in Section 1.5.) But, on the 
other hand, metallic ions and colloidal-size precipitates are readily floated, so 
their behavior in effect signifies that no lower limit of particle size exists. 

If the solid phase to be floated is not fully liberated from other solid phases 
in the mixture, the resultant composite particles can still be floated, but the 
separation is then not satisfactorily selective, since the resulting float product is 
unavoidably contaminated with the adjoining solid components. Various 
approaches to selective flotation will be discussed in Chapter 12. 

1.2.1. Flotation Machines 

The mixture of appropriately sized and liberated solids from which selected 
particles are to be separated is agitated in water, and this suspension constitutes 
the flotation pulp or flotation feed. The pulp is then placed in a suitable 
container called a flotation cell. There are about 40 designs of flotation cells 
used all over the world. Most of these represent modifications of three main 
types: 

1. A mechanical cell equipped with a stator and a rotor to keep the mineral 
particles in suspension and to disperse air supplied (partly by suction and 
partly by compression) through a central pipe around the shaft for the rotor. 
The stator may be attached to the air pipe or to the cell walls. In some cell 
designs, the stator is omitted: Figure 1.1. 

2. A pneumatic cell, in which suspension of solid particles in water is 
achieved by the compressed air being suitably dispersed throughout the 
volume of the cell. It employs a perforated grid (or pipes) arranged in an 
appropriate position near the top of the cell. This arrangement allows a 
thick bed of froth to be formed. The flotation pulp, appropriately prepared 
and ready for separation, is fed with a minimum of agitation on top of this 
bed of froth [Malinowskii el al. (1974): Changgen, L. and Bahr, A. (1992)]. 

3. A cyclone cell, into which the feed is delivered (together with air) through 
a cyclone feeder, under pressure. Very’ few of this type are presently in use. 

Independently of the type, the size of each of these cells is varied from a 
laboratory model of 2-8 liter volume (capable of treating 500-2000 g of solids in 
a batch test) to large commercial cells of up to 100 m 3 volume. 
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Details of cell design are given in appropriate pamphlets provided by each 
manufacturer [such as Denver, Wemco, Agitair, Sala (Boliden), Outokumpu, 
Mekhanobr, Zinc Corporation (Davcra) cell, H & P cyclocell, etc.) and, in texts 
such as Taggart (1945), Pryor (1965), Gaudin (1957), Kelly and Spottiswood 
(1982), Wills (2001) and in SME Mineral Processing Handbook (Weiss, 1985). 

In most flotation cells used in mineral separations bubbles are mechanically 
produced by a combination of a high-speed mechanical agitator and air injection 
system. This process is called dispersed air flotation , The gas, introduced at the 
top, and the liquid are intermingled and then pass through a disperser outside 
the impeller forming a multitude of air bubbles of 700-1500 pm diameter. 



Compressed 
air supply 




Exploded view 
of a three compartment 
flotation cell 



Figure 1.1. An exploded view of a three-compartment, mechanical-type cell. Flotation feed enters 
through a feed box (left end) and passes from one compartment to the next tlirough appropriate openings. 
Several cells (containing one, two, three, or four compartments) may be joined together to form a bank of 
cells in which a particular flotation stage is accomplished, such as roughing, scavenging, cleaning, etc. 
The floating particulates overflow to launders positioned along the sides of the cells. The tailing from a 
given bank exits tlirough the last opening into a tailing box (not shown) and hence to a next bank of cells 
or to a tailing disposal unit. Stators within each compartment may be fixed to the walls of the 
compartment or to the air pipes surrounding the shafts of rotors. Most of the mechanical cells are supplied 
with compressed air. 



In another process bubbles are formed by a reduction in pressure of water 
pre-saturated with air at pressures higher than atmospheric. The supersaturated 
water is forced through needle valves or special orifices. As a result, clouds of 
bubbles of 30-100 pm diameter are produced. This is called dissolved air 
flotation and is used in some of the non-mineral applications of flotation like 
wastewater treatment and separation of ultrafine minerals. 

Flotation Column (shown schematically in Figure 1.2 has emerged since the 
1980s as an important device especially in the area of fine particles flotation. 
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Two principal features of the column cells are generation of fine bubbles and 
maintenance of quiescent conditions in the vessel while promoting intimate 
contact between rising air bubbles and disperse particulate phase. 

Bubble generation is achieved either directly through internal spargers or 
after external contacting of gas with water or slurry (referred to as external 
sparging.) Wash water is added into the froth from an array of perforated pipes 
located just below the overflow lip. A schematic diagram of conventional 
flotation column is shown in Figure 1.2. 



Wash water 




Figure 1.2. Schematic diagram of flotation column 
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Feed (F) enters near the top and flows down the column while gas bubbles 
rise from the internal spargers at the bottom. The bubbles collect floatable 
particles in the collection zone He. Froth fonns in the top section through which 
water stabilizes the froth and replaces the water, which naturally drains from it. 
The remainder of the wash water flows through and cleans the froth of particles 
entrained in the water crossing with bubbles from the collection zone. 

Details of column flotation are discussed in a book by Finch and Dobby 
(1990) and several review papers by Finch and coworkers (1991, 1992, 1995). 

Many new modifications have been made in column flotation. A significant 
one, which has been widely adopted in industry is called Jameson column after 
its inventor. Schematic of the cell is represented in Figure 1.3. 

The pulp feed is delivered to the nozzle section under pressure and causes a 
jet to issue from an orifice into the downcomer head space. The jet expands 
gradually as it flows through the air space at the top of the column before it 
plunges into a bubbly mixture inside the downcomer. The plunging jet creates a 
region of intense energy dissipation and turbulence where it transfers 
momentum to the surrounding mixture and expands to occupy the entire 
downcomer cross-section. Air induced into the downcomer by the plunging jet is 
broken down into small bubbles and carried downward by the bulk liquid flow. 
The region of the jet dissipation and bubble formation is called mixing zone. As 
air is broken down and carried from downcomer, the head space is partially 
evacuated. That creates a vacuum, which draws the bubble mixture up into the 
downcomer and also makes the system self-aspirating. The bubbly mixture is 
carried downward into the cell where the bubbles rise by buoyancy and separate 
into a froth layer above the pulp. The froth layer carries the concentrate over the 
lip of the cell. 

Microcel Sparging System. This is a novel sparging system for flotation 
column developed by Yoon (1992). In this system (Figure 1.4), air dispersion is 
achieved by using a cenrifugal pump to circulate a portion of flotation pulp from 
the lower section through a set of in-line static mixers. As the mixture passes 
through a 3-6 stationary blades located within the mixer, the air is sheared into 
very small bubbles by intense agitation. It produces "microbubble" suspensions 
containing up to 30% - 60% air by volume. The bubble suspension enters 
through the side of the column, where the air bubbles are allowed to escape and 
rise upward to collide with the particles. 

In addition, flotation cells, which combine the principles of hydrocyclone 
and centrifuge have been developed. Medium size bubbles having 100-1000 pm 
diameters are generated by such devices. Some of them have been adopted for 
the treatment of wastewater and effluents to separate the fine suspended solids 
and precipitates. They are reviewed in a recent paper by Rubio et at. (2002). 
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Figure 1.3. Jameson Flotation Cell (Evans et al., 1996) 



1.2.2. Basic Principle of Flotation 



For the solid particles to float, their surfaces must be hydrophobic, that is, 
wetted only partially by water. An indication of hydrophobic character is given 
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contact angle 6, measured through the liquid phase, between the solid surface 
and the tangent to the liquid surface at the three-phase contact, is often referred 
to as a measure of liydrophobicity. (In the opinion of the authors, the contact 
angle is an indicator but is not a measure of the hydrophobic character; for a 
more detailed discussion, see Chapter 8.) 



Weakly Hydrophobic Strongly Hydrophobic 



(a) Sessile Liquid Drop ~ on Plant Solid 
In Air ♦ Partial Spreading with: 




(B) Air Bubble Clinging to Submerged Planar Solid 
Surface : 




Weak bubble adhesion, STRONG bubble adhesion. 



snail contact angle, 0 < 90* contact angle 0 > 90* 



(c) Captive Bubble Pick-up Test of Solid Particles: 




Few Particles 
Attaching 




Many Particles 
Attaching 



Figure 1.5. Hydrophobic solids. Incomplete wetting, no spreading, attaclunent of bubbles. When the 
degree of hydrophobicity is small, the angles formed by drops of water on the surface of flat solids (or by 
bubbles attached to submerged solids) are also small, 0 8 < 90°. When the solid is highly hydrophobic, 

the contact angles are high, 0 — 90° or even 0 90°. Hydrophobic particles immersed in aqueous 

solutions are more readily picked up by static bubbles contacted with them if their hydrophobicity is 
higher. 



When the solid is wetted completely by water, drops of water spread over 
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the surface of the solid in a thin film. Such solids are referred to as hydrophilic 
(water-wet). When small particles are submerged in water and then contacted 
with a captive bubble (held at the end of a tube), the hydrophobic particles stick 
to the bubble (Figure 1.5c), while those which are hydrophilic do not. For 
selective flotation to occur, there must be a difference in the degree of wetting 
and nonwetting of the solid components in the mixture. Flotation is, simply, one 
of the techniques available for separating the hydrophobic constituent 
particulates (in a mixture of solid phases) from the hydrophilic ones. 

If the surface of the solid to be floated does not possess the required 
hydrophobic characteristic, it must be made to acquire liydrophobicity by 
treatment with specific chemical reagents. The process of flotation is 
fundamentally based on the judicious application of different classes of chemical 
agents performing specific functions. It should be noted, however, that the 
action of these reagents is at the mineral surface or in some cases in the solution 
in which the ore is pulped. The bulk chemical composition of the minerals is not 
altered in the process. The interactions of the reagents on the surface are called 
surface chemical reactions. The chemical compounds, which cause surface 
chemical reactions or alter the interface are called surface active agents or 
surfactants. The process by which the surfactants act at the interface is called 
adsorption. It will be discussed in detail in Chapters 4 and 7. Essentially, a 
surfactant molecule consists of a hydrocarbon chain (called nonpolar part), 
which orientates towards air and a functional chemical group like, for example, 
a carboxyl group, (called polar part) which interacts with the mineral (in the 
case of collectors) or with water (in the case of frothers). It is called heteropolar 
structure. The compounds are referred to as amphipatic compounds or 
amphiphiles. 

The scientific principles on which the various groups of surfactants function 
are studied in Surface Chemistry. It is the branch of chemistry of reactions at 
surfaces or interfaces between two phases, such as solid/liquid, solid/gas, 
liquid/gas or solid/solid. It is a rapidly growing body of knowledge on which is 
based a large number of natural and artificial phenomena. Catalysis, corrosion, 
detergency, foaming, water repellency are some of the familiar examples. The 
present book addresses the surface chemistry of flotation. The basic principles 
will be discussed in chapters 3-7; the mechanism of the action of surfactants will 
be discused in Chapters 10, 1 1 (collector action) and 12 (frothers). 

1.2.3. Flotation Agents 

The reagents, which are used to make the mineral surface hydrophobic are 
called collectors (so called as they collect minerals from the ore) and are a class 
of surfactants. They act by interacting at the mineral surface by adsorption or by 
chemical reaction. The specific compound used depends upon the nature of the 
mineral, chemistry of the flotation pulp and several other chemical factors. 
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Details of the chemistry of collectors will be discussed in Chapter 9 and the 
mechanism of their action will be the subject of Chapters 10 and 11.. 

In froth flotation, an addition of another surfactant, acting as frothe r is 
usually needed. The basic function of the frother is to produce a swarm of air 
bubbles, which remain sufficiently stable for the hydrophobic mineral particles 
to be captured by them. When the pulp within the cell becomes adequately 
aerated, the hydrophobic solid particles attach to air bubbles and are buoyed by 
them to the surface of the pulp. Details of frothing action will be discussed in 
Chapter 13. 

In addition to collectors and frothers, which are surfactants, the flotation 
process is controlled by certain inorganic or organic agents called modulating 
agents (also known as modifying or regulating agents.) There are three main 
class of modulating agents: 

1. Activators are chemical compounds, which interact at the mineral surface thus 
altering its chemical nature to promote its interaction with the collector. For 
certain minerals pretreatment with an activator is necessary for the collector- 
mineral interaction to occur. 

2. Depressants are chemical compounds, which alter the mineral surface to 
prevent or hinder the action of collectors. They are required to depress certain 
minerals to promote the selective flotation of desired minerals. Control of 
depressant concentration is an important parameter in selective flotation. 

3. pH Regulators. The pH of flotation is often critical in determining selective 
separation of minerals. The control of pH is achieved by a variety of bases and 
acids, the most common being soda ash (sodium carbonate) or lime (calcium 
oxide), to raise the pH, and sulfuric acid to lower the pH. 

Details of the mechanism of the modulating agents will be the subject of 
Chapter 12. 

In addition to the reagents, which directly control flotation mention should 
be made of another class of reagents, which are used in the treatment of flotation 
tailings. These are flocculants or flocculating agents. They are also surfactants 
like collectors, but their principal characteristic is a polymeric hydrocarbon 
chain, which bridges together large number of fine particles producing an 
aggregate of solids, called floes. Details of their preparation, structural 
chemistry and mechanism of their action are described in a monograph 
(Meltzer, 1979). 

In place of flocculants, aggregation of solids can also be achieved by 
coagulants. These are inorganic compounds, which function by neutralizing the 
large surface charge, which causes fine particles to disperse by electrostatic 
repulsion. Among the common coagulants are lime, potash alum (potassium 
aluminum sulfate) and ferric sulfate. Details of the mechanism of the action of 
coagulation will be discussed in Chapters 5 and 6. 

1.2.4. Basic Steps in Flotation Operation 
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In froth flotation, hydrophobic solid particles attach to air bubbles and are 
buoyed by these to the surface of the suspension. Aggregated air bubbles with 
the attached solid particles constitute a mineralized froth , which builds up atop 
the pulp and overflows the lip of the flotation cell. This material represents the 
separated particles and is called the float product. The hydrophilic solids remain 
in the cell and are called tailings (or 'tails') 

The components of a flotation system described in Sections 1.2. 1-1. 2.3 are 
the following: 

Cell A container with an impeller or an aeration device, capable of keeping 
the solids in suspension and providing aeration for frequent air bubble-particle 
collisions. 

Feed. A mixture of solids to be separated, suspended in water at, usually, 
about 1:3 solids to water, by weight; referred to as flotation pulp. 

Regulating or Modifying Agents. Ions such as IT and OH' (to control pH), dis- 
solved oxygen or oxidizing species, HS'. HCCV.CN", and metal ions (derived 
from partial dissolution of some solids or added purposely to act as depressants 
and activators); also, specifically added organic compounds for depressing or 
activating action. 

Surfactants. Minimum of two are usually required - collector and frother. 
These reagents are added in quantities of 0.05-100 g/tonne of solids (0.02-35 
ppm of the pulp or, assuming molecular weight 200, concentrations of ~10" 7 - 
10' 5 M). In some flotation systems one surfactant is apparently used; however, as 
will be seen later, the pH of the pulp is such that two forms of the surfactant, 
ionized and nonionized, are present (one of these two forms acts as a collector, 
the other as a frother). Examples of the latter situation are the flotation of CaF 2 
using fatty acids and the flotation of quartz using alkyl amines. Only when the 
solid particles to be separated are naturally hydrophobic is but one surfactant, 
acting as frother, required. 

Air Drawn in by the suction of the impeller and/or injected under pressure into 
the pulp (in amounts equivalent to 0.3-0. 6 cell volume per minute). 

A strict control of the pH of the pulp is usually the first requirement for a 
successful selective separation by flotation. All surfactants that can act as 
collectors do so only within a range. When such surfactant species adsorb as 
collectors within this pH range on several solid phases, specific inorganic or 
organic ions (or nonionized multipolar species) known as depressants have to be 
added to suppress flotation of those phases whose separation with the chosen 
solid is not required. When the surfactant adsorption on a selected solid phase 
requires a reinforcing action of a suitable ion, called an activator, the latter 
usually acts as a “bridge” between the surface of the chosen solid and the 
adsorbing surfactant. For example, in the flotation of sphalerite (ZnS) by ethyl 
xanthate, copper sulfate is added ahead of the collector species, and the cupric 
ions act as an activator, preadsorbing on sphalerite. Without such preadsorbed 
copper species ethyl xanthate is not capable of acting as a collector for 
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sphalerite. The subject of activation will be discussed in Chapter 12. 

The action of a surfactant performing the role of a collector is to change the 
surface character of the solid phase to be separated from the initially hydrophilic 
state (water-wet) to a partly hydrophobic state (incompletely water-wet). This 
change in the surface characteristics is achieved through an adsorption of 
collector species in such a manner that air bubbles can attach to the surface of 
this solid particle under the dynamic conditions existing in the flotation cell. A 
special degree and extent of collector adsorption, and of hydrophobicity, are 
required for these dynamic conditions and the cooperation of a second 
surfactant, the frother, helps to achieve particle-bubble attachment. 

The second surfactant added as a frother facilitates the attachment between 
an air bubble and a hydrophobic solid during the extremely short contact time 
available in collision in an agitated pulp. Many inodes of effecting an 
attachment between an air bubble and a hydrophobic particle are presumed to be 
involved in flotation. The subject will be discussed in Chapters 13 and 14. 

The buoyancy of the bubbles lifts the attached solid particles to the top of 
the flotation cell, where a mineralized froth is formed. This is continuously 
separated from the rest of the pulp by allowing it to overflow into a launder 
adjoining the cell. The mineralized froth should possess a restricted degree of 
stability; it should be stable enough to overflow the cell without losing the 
attached solid particles, but it should break down after entering the launder. The 
frother-collector interactions strongly affect the degree of froth stabilization that 
is desired. 

In batch flotation, when all floatable particles are removed with the 
overflowing froth, the suspension of the hydrophilic solids remaining in the cell 
constitutes the final tailing of the separation process. In a continuous flotation 
process, several individual cells are joined to form a multicompartment unit, 
which is referred to as a bank of cells. From each cell in such a bank only a 
portion of floating solids is removed to a launder, and the intermediate tailing is 
discharged by an opening to the next cell. 

As can be inferred from the preceding outline of a flotation system, the 
success of the separation process depends on the proper control of surfaces and 
interfaces involved in the highly complex mixture of polymineral solid phases 
suspended in aqueous electrolyte solution through which air bubbles are being 
dispersed. A judicious use of specific modifying agents, collectors, and frothers 
should enable selective separation of different component solid phases to be 
carried out in succession. For example, complex synthetic mixtures containing 
Cu 2 S, CuFeS 2 , PbS, ZnS, FeS 2 , CaF 2 , and Si0 2 can be separated into relatively 
clean, individual components, if each component is fully liberated. Ores 
containing mineral components not easily separated are often referred to as 
"complex". This refers to the fineness of polymineral grains and difficulty in 
liberation. 

The efficient operation of a complex flotation process is also dependent on 
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other parameters, which are not based on chemistry. The hydrodynamics of 
different cells, the arrangement of flotation circuits, and an optimum integration 
of procedures comprising the particular industrial operation influence the extent 
of the overall separation performance. Those aspects are discussed in other text 
books and reviews; (Levich, 1962; Clift et al., 1978; Jameson, 1984; Schulze, 
1984). The efficiency and the economy of the process are determined by a 
compromise among the various parameters. The role of surface chemistry is, 
frequently, the decisive factor in the success or failure of a given separation. 



1.3.Typical Flotation Procedures and Flowsheets 

The application of flotation to the separation of minerals was developed 
entirely through empirical testing. Understanding lagged behind practice and, 
despite a great deal of progress made, many aspects are still not clear. As yet, it 
is impossible to predict unequivocally the exact conditions for a successful 
separation of a particular mineral from a new ore. This is because the presence 
of one additional constituent, whether as a solid phase or a dissolved ion, even 
in extremely small proportions may radically change the behavior of the system. 

The scope of applications in the mineral industry may best be considered in 
terms of minerals, which are separated by different types of reagents (these 
reagents are discussed in Chapter 9). Ores containing sulfide minerals are 
treated most efficiently by thiol collectors such as xanthates. Nonsulfide ores of 
heavy metals (oxides, carbonates, and sulfates) are recovered either by xanthates 
after a preliminary sulfidization or by carboxylates and sulfonates. The so-called 
nonmetallic minerals (silicates and insoluble salts such as baryte, apatite, etc.) 
are floated using alkyl amines, alkyl sulfates, or carboxylates. The readily 
soluble sodium and potassium chloride salts are separated from each other by 
flotation in highly concentrated brine solutions using « -alkyl amines or fatty 
acids. Flotation processes separating sulfur, coal, or bitumen (from tar sands) 
form yet another distinct group of systems employing mostly nonionized 
surfactants. 

The discovery by C.H. Keller in 1923 that xanthates are effective and 
efficient collectors for sulfide minerals led to the development of highly selective 
separations of individual mineral sulfides. This selectivity in separations was 
made possible by a strict control of pH, oxidizing conditions and through 
adjustment of modifying additives such as CN\ HS\ Cu 2+ , silicate ion, etc. The 
role played by each of these parameters is becoming recognized gradually. 

It can be shown that, when tested separately, each mineral (e.g.. A, B, and 
C) may require a different threshold collector concentration (e.g., C A < C c < C B ) 
for, say, 95% recovery (Figure 1.6). Theoretically, it would appear that starting 
with the lowest level of threshold collector concentration, C A , a selective 
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separation of mineral A could be attained without any appreciable quantity of 
minerals C and B being floated. An increase of the collector concentration to C c 
(Figure 1.6) should then allow mineral C to be floated next, leaving mineral B to 
be floated last, after the concentration of collector is raised above C B . However, 
minerals mixed together, often begin to interact, mutually altering their surface 
characteristics. In consequence, the theoretical selectivity based on Figure 1.6 is 
not commonly attained. One of the objectives of flotation is to design 
appropriate operating conditions (such as collector concentration, pH, use of 
modifying agents) to obtain maximum possible selectivity. The process is called 
selective or differential flotation. 

The effects of mutual alteration of surface characteristics may be 
ameliorated by the control of pH and by additions of modifying agents. With a 
proper control of these parameters sequential selective flotation has proved 
feasible for a large number of ores. An example of a generalized flowsheet, that 
is, a sequence of integrated unit operations is shown in Figure 1.7. Numerous 
variants of such flow sheets are adopted in industrial practice. 

The ore supplied from the mine to the flotation plant (or mill) is referred to 
as the run-of-mine ore. It represents a blend of valuable minerals distributed 
within the host rock. The rock represents the valueless components, the so- 
called gangue minerals. Additional valueless rock (waste) may be picked up 
during mining operations from the boundary regions delineating the ore deposit 
itself. 




Figure 1.6. Threshold concentration of collector. Particles of each solid phase A, B, and C, tested 
individually for floatation response in a series of collector solutions of increasing concentrations, show a 
distinct minimum concentration specific to each solid, viz.. C A , Cc and Cb, for 95% recovery. Such 
differentiation is the basis for selective separations by flotation. However, in practice selectivity is 
achieved not through different concentrations of collector alone but through a combined effect with 
activating and depressing agents. 



The first operation preceding flotation is the grinding operation, carried out 
primarily to liberate minerals. Occasionally, attrition grinding is carried out to 
clean the surfaces of particles. Liberation is usually carried out in stages in 
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closed circuit with hydrocyclones or another classifier to separate particles in 
size fractions. Modern practice favors autogenous (that is, grinding of the ore by 
itself rather than by special metallic or nonmetallic bodies distinct from the ore) 
or semi-autogenous grinding followed by ball milling. There are, however, still 
many mills employing rod mills followed by ball mills. Grinding may represent 
the largest cost item of the total processing costs. With the very low grades of 
the ores presently available it becomes imperative to reduce the amount of 
grinding to a minimum. Reduction in grinding costs can be achieved by various 
approaches. One may consist of rejecting from the grinding circuits the coarse 
particles of gangue minerals as soon as they are liberated. Some of the liberated 
gangue can be rejected by screening or heavy media separation. For low grade 
ores of suitable liberation characteristics, coarse grinding may permit sufficient 
recovery of mineral in roughing stage of flotation, which is then reground. This 
procedure cannot be applied to ores with a fine uniform dissemination of 
valuable minerals throughout the gangue. More details can be found in the book 
by Mular and Bull (1971) and SME Mineral Processing Handbook (Weiss, 
1985).The ground ore pulped in water and conditioned with reagents in a 
conditioning tank becomes flotation feed. The objective of the flotation is to 
obtain highest possible recovery of the desired mineral in highest possible grade. 




Figure 1.7. Sequential selective notation of valuable minerals A and B. preceded by grinding of the ore.. 
Applicable to most coarsely liberated sulfide and nonsulfide ores. 



Note. The erode of a material, whether it is an ore, a concentrate, or a tailing, 
with respect to a given metallic element is the percentage content of this metal 
in the material. Thus, a grade say, 65.3 % Ph means 65.3 % lead content (or 
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lead assay). The recovery obtained in a particular separation process denotes 
that proportion of the valuable component which is separated as concentrate It 
is expressed as a percentage of the total metal content in the ore feed. Thus, for 
example, of 100% metal (Pb, Cu, Zn, etc. ) in the ore feed, the concentrate may 
represent, say 87 %> recovered metal, and the rest, 13 %, is lost in the tailing or 
is distributed among other products of separation. 

Grade and recovery targets cannot be met in a single stage. Consequently, 
flotation is performed in stages each with a particular function. These stages are 
linked together to form a 'circuit'. The most common flotation stages are 
rougher, cleaner and scavenger. Other unit operations which make up the 
circuits are regrinding, conditioning and thickening (dewatering the pulp). 

Rougliers are the first stage providing sufficient retention time to achieve 
target recovery. The rougher stage eliminates a large portion of the unwanted 
tailings, thus greatly reducing the volume of slurry reporting to the next stage. 

Cleaners treat concentrates from previous stages. The purpose is to produce 
target grade. Often, this is accompanied by eliminating entrained particles (non- 
flotable gangue mineral particles mechanically carried in the froth) recovered in 
the rougher and by exploiting the differences in flotation rates between high 
grade particles and locked middlings (particles in which two or more minerals 
are locked due to lack of satisfactory liberation). Dilution in cleaning and 
recleaning promotes rejection of entrained material. 

Scavengers treat the tailings from previous stages. The purpose is to remove 
as much as possible of the remaining valuable mineral and produce a final 
tailing. Scavenger concentrate usually contains a high proportion of locked 
middling particles, which are sent to regrind. 

Occasionally, one of the constituent minerals is hydrophobic. It may be 
represented by a valuable component such as molybdenite (MoS 2 ) in Cu-Mo 
ores, or it may be a valueless contaminant, such as talc or graphite. In the 
processing of some sulfide ores naturally hydrophobic (flotable) carbonaceous 
material is floated ahead of adding collectors in a pre-float stage. 

When two or more valuable minerals are too intimately associated with each 
other, a sequential selective flotation procedure may not be feasible or 
economical. A modification of the flowsheet is then adopted, where valuable 
minerals are floated together as a bulk. This flowsheet is outlined in Figure 1.8. 
By regrinding and chemical treatment to destroy collector coating selectively 
subsequent separation of the minerals is performed. (Collector coating on the 
mineral where the bond strength is least is more readily destroyed by treatment 
with sodium sulfide or cyanide; mechanism of their action will be explained in 
Chapter 12.) 

Ores of Cu-Ni, Cu-Mo, Cu-Zn, and Pb-Sb and even some finely 
disseminated Pb-Zn ores may be more easily separated by the procedure outlined 
in Figure 1.8 than by the sequential selective flotation procedure of Figure 1.7. 

Flow'sheets of the type shown in Figure 1.8 are not common in nonsulfide 
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Figure 1.8. Bulk flotation of sulfides followed by chemical treatment, regrinding, and selective 
separations by flotation. Adopted for finely disseminated complex sulfide ores, for example. Cu-Mo, cu- 
Ni, Ni-Co-Cu, etc. 

flotation systems. The reason is the difficulty encountered in attempts to destroy 
non-thio collector coatings. The non-thio collector may be stripped off a solid 
surface, frequently by a change in pH, but it is not readily decomposed and 
remains in the pulp available for readsorption. 

A modification of a bulk flotation procedure outlined in Figure 1.7 is 
sometimes possible and is practiced in nonsulfide flotation systems. It consists of 
carrying out a bulk float of two or more minerals (which cannot be readily 
differentiated under a given set of flotation conditions) and such a bulk 
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concentrate is subsequently treated under a different pH with a high dosage of 
depressants in order to float selectively one of the constituents. Such a 
modification does not involve chemical destruction of the collector, only its 
desorption. An example of such treatment is the procedure of cleaning calcium 
phosphates from the cofloated calcium and magnesium carbonates and gypsum 
using high concentrations of soluble pyrophosphates as depressants [Johnston 
and Leja (1978)]. 



1.4. Mineral Liberation Size 

When an ore is mined, the crystalline grains of various minerals, 
representing the valuable mineral species to be concentrated and the valueless 
gangue components to be rejected, are all cemented together. Their intergrowth, 
that is, the manner in which the valuable minerals are distributed among the 
gangue minerals (which act as a matrix or host), and the size representing the 
majority of these valuable grains are of paramount importance for the success of 
their separation and their subsequent concentration. Before any concentration 
technique can be applied to the ore, the minerals must be freed from the 
adjoining foreign phases. 

The manner in which the adjoining mineral phases are liberated, from each 
other is also of significance. The separation may occur along intergrain 
boundary, with no atoms of the opposing phase left on either surface after 
separation. Such liberation rarely occurs and are possible only when the 
adhesion between the two phases is smaller than the cohesion within either of 
the two phases. More common is a separation that occurs along a shear plane 
residing predominantly within the interfacial region of one phase, thus 
incorporating some atoms of the adjoining phase (see Chapter 7 for a discussion 
of shear plane position). These residual layers of the adjoining phases have to be 
removed (before flotation) either by abrasion or by dissolution. 

The friability of the valuable mineral and/or the extreme softness of a minor 
hydrophobic component such as molybdenite or bitumen (and its relevant ability 
to become indiscriminately smeared on gangue minerals) may become extremely 
important parameters under some conditions of the liberation technique 
employed. 

Crushing and grinding are employed to accomplish the liberation of the 
minerals. If the size of valuable mineral grains is large, grinding will readily 
free them, and the subsequent selective separation from the gangue components 
should not be difficult. However, if the valuable minerals are interlocked and 
finely disseminated, their liberation and separation by flotation may present 
major difficulties. For example, fine Pb and Zn sulfides disseminated in massive 
pyrite and pyrrhotite, as present in some deposits in New Bnmswick, Canada or 
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in Queensland, Australia, still await a satisfactory treatment by flotation or by 
other techniques. 

The various types of association between mineral phases (mineral 
intergrowth) have been classified by Amstutz (1962) into a total of nine groups 
of intergrowth patterns. These patterns take into account the relative size ratio of 
disseminated mineral to the overall particle size. What they fail to emphasize is 
the fact that, in addition to that ratio, the particle size itself may vary over two 
orders of magnitude. A systematic optical microscopic examination of the ore 
itself and of the products obtained at different stages of the treatment in grinding 
and flotation circuits is indispensable in a rational testing and control of any 
flotation separation process. Such microscopic examinations should be made 
routinely but especially during periods of unusual decrease in grade of 
concentrates or in recoveries, periods which occur with unexpected frequency in 
all operations. Books on ore microscopy and mineralogy should be available in 
the mill laboratory to help the recognition and the interpretation of observations. 
Examples of such texts are Short (1940). Schouten (1962), Jones and Fleming 
(1965), Heinrich (1965), Freund (1966). Uytenbogaardt (1968), Ramdohr (1969) 
and Petruk (2000). 

In any preliminary studies on samples representing possible ores (so-called 
feasibility studies) or in research and development of a concentrating procedure, 
the electron microprobe and scanning electron microscope prove to be valuable 
adjuncts supplementing or replacing optical microscopic examination. The 
electron microprobe, also known as electron probe x-ray microanalyzer provides 
a complete quantitative analysis of microscopic volumes of solid materials with 
high resolution scanning electron and x-ray images (known as concentration 
maps). By using these techniques, the identification of various components in 
the sample is often much simpler and faster than possible under the optical 
microscope. Frequently, the elements in the mineral, or in isomorphic 
substitution are revealed and more readily identified, as seen from Figure 1.9. 
Also, if a coating of a different composition surrounds a particle and has a 
thickness in excess of the limit for detection of a phase by the microprobe (this 
is, at present approximately 0.5 pm), it can be readily detected and identified, 
provided that a cross section of such a coated particle is viewed. 

The extent of liberation of valuable minerals achieved in any industrial 
grinding-flotation plant is generally the result of trial and error experimentation. 
The ultimate criteria are economic. These include a saleable grade and an 
optimum recovery of the valuable mineral, obtainable with the available 
equipment. With the increase in tonnages being treated in modern plants, 
appropriate instrumentation of the grinding circuit, togeilier with modeling and 
computer control, is becoming indispensable. Information on these topics can be 
found in references such as King (1976). Mular (1976), Smith (1976), Whiteside 
(1974), and Mular and Bhappu (1978). 

Mineralogy of an ore often affects flotation, especially when the ore contains 
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significant proportion of clay minerals. An example is that of pentlandite in ores 
containing massive sulfides in serpentine (a magnesium silicate mineral) 
bearing rocks. Recovery of nickel, under similar conditions used for sulfide ores 
is found to be less than 20 % (Petruk, 2000). 




Figure 1.9. An example of microprobe scans (of a bulk tlotation concentrate of sphalerite containing 
pyrite impurity) and an interpretation of mineral grains based on elemental scans. (From Mitra 
Mimezami (2002), Ph.D. Thesis, McGill University). 



1.5. Some Problems Encountered in Separations of Minerals 

A number of difficulties are encountered in the treatment of some ore 
deposits, both sulfide and nonsulfide. These difficulties can be grouped under 
the following headings: 

1. Those relevant to sulfide deposits: 

a. An extensive surface oxidation of individual sulfide grains. 

b. The coexistence of sulfide and oxidized minerals (such as oxides, 
carbonates, sulfates) 
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c A high degree of interlocking and a fine dissemination of the valuable 
sulfides within the massive bodies of pyrite and pyrrhotite. 

2. Those relevant to both sulfide and nonsulfide deposits: 

a. Fine dissemination within the matrix. 

b. The coexistence of hydrophobic minerals (such as talc, graphite, 
molybdenite, carbonaceous and tarry residues, elemental sulfur, stibnite, 
etc.) with the valuable sulfide or nonsulfide minerals. 

c. The coexistence of clayey minerals, especially in nonsulfide ores, producing 
large quantities of interfering slimes. 

To provide an effective separation, each of the preceding situations has to be 
analyzed and dealt with separately. With respect to: 

la. Extensive, superficial oxidation of valuable sulfide minerals is generally 
counteracted by sulfidization using judicious amounts of HS' to convert the 
surfaces at the oxidized layers to appropriate sulfides. This conversion has to be 
achieved without leaving an excessive concentration of HS' (because its excess is 
usually detrimental to flotation of sulfides when using xanthates) or without 
creating unnecessary losses by an insufficient action. 

lb. The coexistence of sulfides with homogeneous grains of frilly oxidized 
valuable minerals calls for a sequence of flotation steps in which the sulfides 
may be floated first, either selectively or as a bulk sulfide float; then a separation 
of the oxidized minerals using suitable activators and/or special collectors is 
carried out. When the oxidized minerals are represented by carbonates or simple 
oxides, it may be possible to float them using sulfidization and xanthate-type 
collectors. If other oxidized minerals are present, each type of mineral may 
require an appropriate activator-collector combination for a satisfactoiy 
separation. 

lc and 2a. A high degree of interlocking of the valuable minerals with gangue 
minerals represents a major obstacle to any separation. The difficulty is 
compounded, moreover, if the host gangue minerals are similar in chemical 
character to the valuable minerals. Such difficulties are encountered in the 
recovery of Pb, Zn, or Cu sulfides disseminated in pyrite or pyrrhotite. Even 
with a coarse-size liberation, whenever pyrite and pyrrhotite exceed 
approximately 15% by weight, the separation of Pb, Zn, or Cu sulfides by 
flotation, using xanthates, becomes less selective. If, in addition to a high 
content of iron sulfides, the valuable sulfides are finely disseminated and can 
only be liberated at very fine sizes, the separation by flotation again becomes 
difficult. Similar examples of separation difficulties caused by fine 
dissemination in a matrix of kindred minerals occur with silicates and oxides. 

Numerous explanations have been olTered for these difficulties experienced 
with separation of sulfide minerals. The most common is that with fine particles. 
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of sizes less than about 5-10 pm, flotation rate is too low. Theoretical treatments 
of the problem by Sutherland (1948), Klassen (1952), and Deijaguin and 
Dukliin (1961) led to the conclusion that small particles acquire insufficient 
energy of impact to disrupt the water layer existing between the two colliding 
particulates. (For more details, refer to the thinning of films between particles 
and air bubbles in Chapter 13.) Laboratory and in-plant investigations 
attempting to correlate particle size with flotability established that, after 
grinding, the very coarse- and the very fine-size sulfide particles do not float 
efficiently. Gaudin et al. (1931) established recovery curves in laboratory tests 
that were very similar to the curves obtained by Cameron et al. (1971) some 40 
years later for plant flotation circuits. (See Figure 1. 10.) A pronounced falloff in 
the recovery of metallic minerals for sizes below —10 pm has been recorded in 
many investigations. 





Figure 1.10. Dependence of flotation recovery on particle sizes; (top) results from Gaudin et al. (1931), 
with the permission of the American Institute of Mining, Metallurgical and Petroleum Engineers; 
(bottom) results of Cameron et al. (1971), with the permission of the Australasian Institute of Mining and 
Metallurgy. 
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There is no doubt that very fine-size particles show decreased rates of 
flotation: These particles possess much higher specific surface areas and may 
require specific concentrations of reagents, longer times of treatment, or a 
different mode of particle-bubble encounter (such as, for example, gas 
precipitation in vacuum flotation). However, even if all these factors are suitably 
modified, the apparent depressing effect caused by prolonged grinding of sulfide 
minerals in steel ball mills still persists. Wells (1973) found that synthetic 
mixtures of fully liberated galena and quartz, ground for prolonged periods of 
time in steel mills, provide recoveries steadily decreasing with the increase in 
grinding time Release of ferrous ions could also be one of the factors affecting 
recovery by chemical interaction with xanthates. The subject of inadvertent 
action of metal ions will be discussed in Chapter 12. 

An extensive review of fine particles’ response to flotation, of various 
theories proposed to explain the low flotation rates of slimes, and of methods 
which claim to improve the flotation of ultrafine particles has been published by 
Trahar and Warren (1976). The subject will be discussed further in Chapter 14. 

Lin and Somasundaran (1972), Lin et al. (1975), and Gammage and 
Glasson (1976) have shown that a prolonged grinding causes major physical and 
chemical changes in the solid surface; it becomes progressively more 
amorphous, the crystalline lattice of layers underlying the surface becomes 
distorted, and polymorphic transformations may occur which may result in 
chemical reactions between solid and liquid constituents. At the same time, a 
continued wear of the grinding media takes place: rods, balls, and liners in the 
mills are progressively consumed. This fact is known to operators of industrial 
mineral concentration plants well, as the consumption of steel (in the form of 
grinding media and liners) varies directly with the fineness of grind. For a 
relatively coarse grind (say, 40% passing 150 mesh size), the steel consumption 
by a given ore may be -100-150 g/tonne. When a very fine grind is called for 
(say, 80% passing 325 mesh), the same ore may consume 2-5 kg of steel per 
tonne of ore ground. Such steel consumption is an order or even two orders of 
magnitude higher than the consumption of flotation reagents. 

The loss of metal is accounted for by abrasion and, to some extent, 
corrosion [Lui and Hoey (1975)]. The abrasion (wear) of grinding media results 
in deposition of tiny flecks of metallic iron (steel) on all particles undergoing 
grinding. Whenever this metallic phase is deposited on the surfaces of 
semimetallic sulfides, well known for their semiconducting properties, minute 
galvanic couples are set up. These galvanic couples become highly active in the 
presence of an electrolyte such as the liquid phase of the ore pulp containing 
inorganic ions from dissolved mineral species, collector ions, and modifying 
agents. With a coarse grind, the metallic flecks are only sparsely distributed over 
surfaces of sulfide particles, and their galvanic coupling effect is insignificant. 
When very fine grinding is carried out, however, the proportion of metallic 
flecks abraded onto and covering sulfide surfaces becomes comparable in extent 
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to, or even larger than, the area not covered. Then the galvanic mixed potential 
of the sulfide becomes progressively lowered and may reach that of the metallic 
iron; that is, it may become highly reducing in character [Rao et al. (1976)]. As 
will be seen later (Chapter 10), the reducing reactions thus fostered are not 
conducive to the adsorption of xanthate in the form that is needed to make the 
sulfide surface hydrophobic. Thus, it would appear that the very finely ground 
sulfide particles, obtained in grinding highly disseminated ores with steel media, 
may have surfaces contaminated with abraded iron, which would make them 
incapable of becoming sufficiently hydrophobic in xanthate solution and thus 
unfloatable. 

2b. The presence of even minor quantities of naturally hydrophobic constituents 
in an ore makes the selective separation process more difficult. Either an 
effective and highly selective depressant is required or, preferably, a scalping (or 
preconcentration) separation of the hydrophobic component with the use of a 
frother only before any collector additions are made. Such a separation of the 
hydrophobic mineral is usually carried out as soon as possible, preferably on 
discharge from a grinding mill, as, for example, reported by Lyon and Fewings 
(1971). However, there are always some complications likely to arise, caused by 
the softness of all inherently hydrophobic minerals. During grinding, the soft 
mineral becomes indiscriminately smeared on other solid particles, making them 
locally hydrophobic and prone to float under favorable conditions. When such 
smearing occurs, neither the use of a depressant nor a scalping flotation with a 
frother alone is capable of providing a sufficient degree of selectivity, especially 
whenever extensive grinding is needed for liberation of minerals. Some 
amelioration of such smearing effects may be realized by making the additions 
of the depressant (or of the frother) to the grinding circuit, with concomitant 
reduction in the pulp density in the mills. In special cases, a bulk flotation of the 
sulfide minerals together with the inherently hydrophobic mineral may be 
carried out and the collector coating on the sulfide minerals destroyed by a 
suitable chemical treatment. This treatment is then followed by flotation of the 
inherently hydrophobic mineral, leaving the recovered sulfide as the “tailing” 
(similar to the flowsheet in Figure 1.8). 

2c. Clayey minerals are easily hydrated by water penetrating their layer 
structures. In addition, they also exhibit cation exchange characteristics with 
many inorganic and organic ions in solution. On being agitated with water, 
clays produce extremely fine particles, slimes, which not only increase the 
viscosity of pulps but also, due to their very high specific areas, readily abstract 
most additives used to control the flotation systems. A de-slitning of the pulp 
before flotation is the most common countermeasure that is adopted in practice. 
It is effective when the valuable minerals are liberated at a coarse size. With 
finely disseminated valuable minerals, or in potash flotation, such de-sliining 
causes high losses of valuable minerals and, therefore, is uneconomic. The 
adsorption of collector on clay and the ingress of water between the clay layers 
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could be prevented in some systems by blocking off the edges of clay particles 
with a suitable depressant added as early as possible with the water. A successful 
blocking treatment of this type, resulting in clay depression, was applied in 
potash flotation by Arsentiev and Gorlovskii (1974). 

The poor recovery in flotation of coarse particles is readily explained by the 
inability of bubbles to buoy large particles to the top of the flotation cell. Under 
conditions of high agitation in a mechanical cell, the high centrifugal forces 
prevailing in agitated pulp tend to separate large floating particles from their 
bubbles. However, the falloff in the recovery of fine-size particles cannot be 
readily accounted for by the argument of insufficient impact energy that we have 
mentioned. Were it really so, then the techniques of ion flotation and precipitate 
flotation [Sebba (1962), Mahne (1971), Lemlich (1972)], in which coursing 
bubbles pick up and float ionic species a few angstroms in size and particulates 
of sizes very much smaller than 10 pm. could not possibly function. Also, when 
metallic sulfides or metals, such as “cement” copper, are precipitated as 
extremely fine-size particles, these precipitates can be and are efficiently 
recovered by flotation. 



1.6.Examples of Industrial Separations by Flotation. Sulfide 

Minerals 

The initial industrial applications of froth flotation to relatively simple 
sulfide ores achieved separations of all sulfide minerals from the nonsulfide 
gangue. These were the bulk sulfide flotation separations, and they were 
frequently accomplished in acid circuits [Diamond (1967)]. The first attempt at 
selective separation of galena from sphalerite was made in 1912 at the Zinc 
Corporation mill in Broken Hill, Australia [Diamond (1967)] and that of a 
selective separation of clialcopyrite from pyrite by the Granby Company at 
Anyox, British Columbia, Canada, in 1918 [Petersen (1967)]. The reagents 
employed were distillation products of coal or wood: coal tar creosote and wood 
tar or wood oils. 

Once xanthates were introduced in 1923, the selective flotation separations 
of individual sulfides proved unusually successful from ores containing 
dolomitic gangue minerals, especially when the valuable sulfides were liberating 
at relatively coarse sizes. Difficulties were being encountered with more 
complex and finely disseminated ores. However, selective separation of 
relatively coarsely liberated galena and sphalerite, using cyanide as a depressant 
and copper sulfate as an activator, really signaled the era of sequential selective 
(or differential) flotation. 



1.6.1. Lead-Zinc Ores 
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Generally, both Pb and Zn minerals occur together in sufficient quantities to 
justify their selective concentration. 

The main lead minerals are: galena, PbS (86.6% Pb); cerussite , PbCC >3 
(83.5% Pb), and anglesite, PbS0 4 (73.6% Pb); less common are the complex 
sulfides of Pb-Sb, Pb-As, and Pb-Bi; also crocoite. PbCr0 4 , and wulfenite, 
PbMo0 4 . (The minerals concentrated on an industrial scale are in italics.) 

The main zinc minerals consist of sphalerite (or zinc blende), ZnS (67.0% 
Zn), and its alternative crystalline form wurtzite; marmatite, (Zn, Fe)S. Most 
sphalerite samples contain Fe; it occurs in high percentage (up to 20 %) in solid 
solution in marmatite. Willemite, Zn 2 Si0 4 (58.0% Zn), smithsonite, ZnC0 3 
(52.1%), calamine or hemimorphite Zn 4 Si0 7 (OH) 2 - H 2 0 or H 2 Zn 2 Si0 5 (54.2% 
Zn), zincite, ZnO; and franklinite, (Fe.Mn.Zn)O - (Fe.Mn) 2 0 3 are less common 
minerals of zinc. 

The crystalline structures of minerals will be briefly reviewed in Chapter 2. 
Some Cu may occur (in solid solution) in marmatite, or a finely disseminated 
clialcopyrite (CuFeS 2 ) may be associated with the Pb and Zn sulfides, together 
with pyrrhotite (Fei_ x S 2 ). In deposits containing galena in the form of very finely 
crystalline grains, minor quantities of dissolved Au or Ag may be present (acting 
as nuclei for crystallization). Large single cry stals of galena usually indicate lack 
of dissolved precious metals. The precious metals (Au, Ag) may still be 
dissolved in other sulfides such as pyrite or may be present as separate phases. 
Pyrite (FeS 2 ) and pyrrhotite (Fe Uv S) are the two most frequently encountered 
sulfide-gangue minerals. Calcite (CaC0 3 ) and dolomite (Ca,Mg)C0 3 , together 
with siderite (FeC0 3 ), form "basic" gangue. while quartz, silicates, BaS0 4 , etc., 
form "acid" gangue. 

The grade of commercial Pb-Zn ores treated today varies from about 3% to 
15-20% combined Pb and Zn. The objective of the selective flotation treatment 
is to produce 

1. A Pb concentrate of more than ~55% Pb with, preferably, less than about 

3% Zn and/or less than 0.5-1% Cu. and 

2 . A Zn concentrate with more than about ~50% Zn and minimum Pb, Fe and 

MgO. 

In coarse-grained ores, galena is floated first under alkaline pH 8-10 
together with any copper sulfide mineral present. A minimum addition of ethyl 
or propyl xanthate is used as a collector and one of the short-chain alcohols or a 
low molecular weight polyoxypropylene (e.g., Dowfroth 250) as a frotlier. An 
addition of sodium sulfite, zinc sulfate, and/or sodium cyanide is occasionally 
made to depress zinc minerals. After the lead sulfide is floated off, the pH is 
raised to 11-12 to depress iron sulfides, and CuS0 4 • 5H 2 0 is added to activate 
sphalerite and marmatite. Invariably, additional xanthate is required before zinc 
sulfide can be floated. Following the flotation of zinc sulfides, iron sulfides may 
be separated on reducing the pH to neutral or acid and using dixanthogen (or an 
oxidized thio compound) as a collector. 
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The higher-grade deposits are usually liberated at coarse sizes and are easy 
to concentrate by flotation, but such deposits become scarce. As the intergrowth 
increases and the liberated particles of galena and sphalerite become finer, a 
modified selective separation must be practiced more and more frequently. It is 
of the type outlined in Figure 1.8. Its objective is to reduce the total amount of 
grinding required. A bulk Pb-Zn float, as a single rouglier-scavenger 
concentrate, is made after a preliminary grind aimed at liberating the gangue 
minerals only, without completing the liberation of the two valuable minerals 
from each other. A regrind of this concentrate is then followed by a steam 
treatment at temperatures of 40-80°C in a highly alkaline medium containing 
some suitable additives such as NaHS, NaCN, or Na sulfite. Depending on the 
intensity, this treatment destroys partly or completely the collector coating on 
one or both sulfides. Flotation of the sulfide whose hydrophobic character can be 
more readily regenerated is carried out subsequently. When such a treatment is 
applied to an impure Pb concentrate which is too high in zinc content, it is 
known as “de-zincing”. 

1.6,2. Copper Ores 

The sulfide minerals of copper fall into three distinct groups: 

1. Cu sulfides: Cu 2 S chalcocite (79,8% Cu) and CuS covellite (66.4% Cu) 

2. Fe-Cu sulfides: CuFeS 2 chalcopvrite (34.5% Cu and 30.5% Fe) and 
Cu 5 FeS 4 bornite (63.3% Cu and 11.1% Fe) 

3. Complex sulfides: Cu 3 AsS 4 enargite, Cu 2 FeSnS 4 stannite, and Cu 3 SbS 3 
tetrahedrite. 

Occasionally, traces of native copper are also encountered. 

The oxidized minerals comprise Cu 2 0 cuprite. CuO tenorite. CuC0 3 
Cu(OH) 2 malachite, 2CuC0 3 Cu(OH) 2 azurite, and Cu0 /7-Si0 2 7w-H 2 0 
clirysocolla. In some deposits in arid areas, minerals possessing a fair or even 
high solubility in water may also be present; for example, minerals such as 
brochantite [CuS0 4 -3Cu(0H) 2 ], antlerite |CuS0 4 Cu(0H) 2 ], or chalcanthite 
(CuS 0 4 -5H 2 0) are occasionally encountered. 

The associated minerals are FeS 2 pyrite, Fei.*S pyrrhotite, (Fe,Ni)S 
pentlandite, MoS 2 molybdenite. (Co 3 S 4 + CuS) carrolite, PbS galena, and 
(Zn,Fe)S marmatite. Two major types of copper ore deposits are recognized: 
porphyry deposits (defined as of hydrothermal origin, in acidic rocks, 
representing low grades, 0.4-0. 8% Cu. but very large tonnages (tens tp hundreds 
of millions of tonnes) and vein-type sedimentary deposits. Porphyry copper 
deposits contain mainly chalcopyrite (CuFeS 2 ) and pyrite (FeS 2 ) with at least 
traces of molybdenite (MoS 2 ); sometimes chalcocite (Cu 2 S) and bornite 
(Cu 5 FeS 4 ) with minute traces of Ag and Au are also present. Sutulov (1974) 
gives detailed accounts of the world’s porphyry deposits, the associated 
processing technology, and metallurgical production data. 
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The treatment is determined by the mineralogical composition of the ore. 
Copper sulfides and Fe-Cu sulfides, particularly in porphyry ores, are readily 
and efficiently floated with small additions of alkyl xanthates, or Z-200 
(isopropyl ethylthionocarbamate; see Chapter 9) if the proportion of the 
associated iron sulfides (pyrite and pyrrhotite) is not too high. 

With higher proportions of iron sulfides in the ore, a general guideline 
(based on experience) is to extend the conditioning with air and to raise the pH 
to 10-12 (with lime). The air oxidation treatment is designed to bring about the 
depression of iron sulfides (creating high CaS0 4 concentrations which appear 
necessary for iron sulfide depression) and is often reinforced with small 
additions of sodium or calcium cyanide. Large quantities of cyanides tend to 
depress copper minerals as well. 

When pentlandite, molybdenite, or carrolite are the associated minerals, a 
procedure similar to that outlined in Figure 1.8 is usually followed. The 
treatment may be quite involved, particularly if there is a very fine 
dissemination of some minerals, a high pyrrhotite or pyrite content, and/or an 
appreciable quantity (0.5-2% by weight) of a naturally hydrophobic component 
(bitumen, graphite, or talc) in the nin-of-mine ore. 

The most difficult to separate are the finely disseminated Cu-Pb-Zn-Fe ores. 
Surface oxidation, taking place, naturally and during mining and grinding, may 
contribute copper ions which activate the zinc and iron sulfides. The use of 
cyanide, sulfite, and S0 2 is relied upon to separate selectively the various 
sulfides, with a greater or lesser degree of success. Busliell et al. (1971) 
described a successful method for the separation of Cu and Zn from the ore of 
the Prieska Mine. This consists of a bulk float combining Cu and Zn minerals 
followed by regrinding, deactivation, and subsequent separation of Cu from Zn. 

The grades of copper concentrates produced depend very much on the 
mineralogical composition and the smelting contract; usually 25% Cu content in 
the concentrate is aimed for when recovering chalcopyrite. 

1.6.3 Nickel Ores 

The principal sulfide mineral of nickel is pentlandite, which is a complex 
nickel iron sulfide. In most occurrences (Sudbury and Voisey’s Bay in Canada 
and Kalgoorlie in Australia) it is associated with pyrrhotite and chalcopyrite. A 
typical ore in Sudbury region consists of 3.5 % pentlandite, 2.2 % chalcopyrite, 
25 % pyrrhotite. Nickeliferous pyrrhotite [Fe (Ni)] 7 S 8 ) is the other nickel 
bearing mineral with nickel content ranging between 0.60-0.90%. Higher 
percentage of pyrrrhotite and pentlandite are found in the Voisey's Bay deposits. 
The objective of processing is to selectively recover both pentlandite ([NiFe] g S 9 ) 
and chalcopyrite and reject pyrrhotite and other gangue minerals. 

The separation process mainly comprises flotation, but also includes 
magnetic separation at certain stages to separate magnetic pyrrhotite. At 
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Strathcona mill of Falconbridge Limited, one of the world’s major producers of 
nickel located in northern Ontario, 75% of pentlandite and 85% of chalcopyrite 
are floated in the primary rougher circuit by using potassium isobutyl xantliate 
and Dowfrotli 250 at a pH of 9.2 adjusted by lime. The chalcopyrite rich primary 
rougher concentrate is fed to the copper cleaner circuit. The separation of 
chalcopyrite and pentlandite is carried out in flotation columns. This circuit 
produces a copper concentrate and the pentlandite rich tail stream is sent to the 
combined nickel/copper concentrate. Mostly pyrrhotite, and some pentlandite 
and chalcopyrite, are recovered in the secondary rougher concentrate. The 
remainder of the sulfide minerals are recovered in the scavenger circuit by using 
sulfuric acid and cupric sulfate to activate pyrrhotite. Pyrrhotite, in the 
secondary rougher concentrate, is recovered by wet magnetic drum separators 
and the magnetic stream is sent to the regrinding circuit. The cyclone overflow 
is subjected to flotation to reject non-sulfide gangue particles and the 
concentrate from the fines flotation is fed to the regrinding mill. The pyrrhotite 
rejection circuit feed is ground in the alkaline circuit with lime to liberate the 
middlings and polish the particle surfaces. This is followed by a flotation step to 
recover pentlandite before the pyrrhotite is activated. 

A similar process involving flotation in conjunction with magnetic 
separation is adopted for separating pentlandite and pyrrhotite. Pyrrhotite is 
concentrated by magnetic separation and pentlandite is concentrated by 
flotation. An amine depressant (diethylene triamine or triethylene tetramine) 
with sulfur dioxide is used to obtain high pyrrhotite rejection in the flotation of 
pentlandite. (The action of the depressants will be explained in Chapter 12.) 

1.6.4. Precious Metals 

Silver and gold are often associated with base metal sulfides. For example, 
gold in small quantities is found in many deposits of pyrite or arsenopyrite. The 
pyrite minerals are separated as flotation concentrates and gold is recovered by 
gravity and chemical treatment (cyanidation). 

Other precious metals, platinum, palladium and rhodium, collectively 
grouped as platinum group metals (PGM) are also associated with pyrite 
minerals. Some of the PGM minerals are braggite (Pt,Pd,Ni)S, cooperite (PtS), 
kotulskite, Pd(Te,Bi) and vysotskite (Pd,Ni)S. At Stillwater Mining (Montana, 
U.S.A.), platinum is associated with chalcopyrite and palladium with 
pentlandite. The chalcopyrite fraction is first floated (as this mineral floats faster 
than does pentlandite). then the pentladite fraction is separated from the 
associated gangue. The recovery of precious metals is improved by conducting 
flash flotation. In this process the flotation is done in the grinding circulating 
load in a specially designed flotation cell, which allows coarse and fine tailings 
to be separated while the concentrate is collected (Laplante and Dunne, 2002).. 
This ensures very fresh surface for the action of reagents at precious metal- 
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bearing minerals. Potassium xanthate and dithiophosphate are used as collectors 
and carboxymethyl cellulose is used as depressant of talc. Up to 90 % recovery 
of PGMs is achieved. By a similar flotation process at Lac des Isles (Ontario, 
Canada), a flotation concentrate containing ca. 275 g/ton of PGM is obtained 
from a feed containing ca. 2 g/ton PGM. 



1.7. Examples of Industrial Separations of Oxidized Ores 
of Copper, Lead, Zinc, Iron, and “Nonmetallic” Minerals 

1.7.1. Separations of the Superficially Oxidized and Oxide-Type Minerals 

There are, generally, two procedures available for the separation of 
superficially oxidized sulfide minerals and of certain oxide-type minerals: 

1. Flotation with fatty acids as collectors (without intentional activation) 

2. Activation using sodium sulfide to convert the oxide surface to sulfide (a 
treatment referred to as sulfidization) followed by flotation with thio 
collectors, such as xanthates 

The first procedure, flotation with fatty acids, is not very selective and can be 
applied to only a few ores that have relatively insoluble valuable minerals; 
otherwise the metallic ions released into solution create an undesirable 
activation of gangue minerals. Also, for fatty acid flotation the gangue minerals 
should not comprise pyrite or pyrrhotite (which float readily with fatty acids) 
and should be acidic in character. The second procedure, that of controlled 
sulfidization followed by xanthate flotation, is by far the more selective and 
efficient technique of separation. Even then, difficulties are experienced 
whenever complex oxidized minerals are associated with clays and/or altered 
pyrite and pyrrhotite. 

With some oxidized minerals, very high additions of xanthates (or other 
thio compound collectors) of the order of 1-2 kg/tonne are necessary for an 
effective flotation without sulfidization, for example, in flotation of vanadinite 
[Fleming (1952)]. Cerussite (PbC0 3 ), malachite [CuC0 3 Cu(0H) 2 ], and azurite 
[2 CuCO 3 Cu( 0H) 2 ] can be sulfidized fairly readily with sodium sulfide and 
floated with xanthates in ores containing dolomitic gangue and no iron oxides. 
Sulfidization will be discussed in Chapter 12. 

Many of the siliceous copper ores of low copper content do not contain 
distinct copper silicate minerals but are in reality solid solutions of Cu ions 
impregnating silicates to a variable extent. Sulfidization attempts on such solid 
solutions of copper in silicates result in “leaching” the copper ions out of the 
silicate matrix. The copper ions which diffuse to the surface of solid particles are 
complexed by sulfide ions and/or collector ions added later on, and these 
complexes are then mostly separated out in the subsequent flotation procedures 
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[Scott and Poling (1973)]. Raghavan and Fuerstenau (1977) emphasize the 
porosity and the fibrous structure of chrysocolla. Only when the siliceous copper 
mineral has a higher copper content than ~13% Cu is a truly crystalline variety 
of chrysocolla, CuO • n-Si0 2 m- H 2 0, believed to be represented. 

Anglesite, PbS0 4 , can be sulfidized with difficulty and floated with 
xanthates. Fatty acids or alkyl sulfonates are also used as collectors for anglesite, 
in ores with acidic gangue, in the absence of excessive iron oxides or other 
insoluble sulfates. 

Oxidized zinc ores [containing smithsonite, ZnC0 3 , willemite, Zn 2 Si0 4 ; 
and hemimorphite (calamine), 2Zn0.Si0 2 .H 2 0] have been treated by flotation 
since about 1950 using numerous regulating agents in order to disperse and to 
depress the deleterious “slimes”. Na 2 C0 3 , Na silicates of varying Na 2 0:Si0 2 
ratio, sodium sulfide, and NaCN are used for these purposes. The collectors used 
are alkyl amine salts [Rey et at. (1954)] and/or 8-hydroxyquinoline (oxine). A 
number of industrial concentration procedures for oxidized lead and zinc ores 
are described in AIME (1970). A review of different treatment procedures 
available for oxidized copper-lead-zinc ores was presented by Abramov et al. 
(1969). Rinelli and Marabini (1973) investigated the use of several chelating 
agents for oxide-sulfide ores of lead and zinc. 

The oxides of Cu (cuprite, Cu 2 0, and tenorite, CuO) are not readily 
sulfidized and floated with xanthates in alkaline solution. However, no attempts 
appear to have been made to use acidic solutions after sulfidization in ores with 
siliceous gangue minerals. Qualitative laboratory tests indicate that such 
conditions may be effective for flotation of these oxides using dixanthogen. De 
Cuyper (1977) has reviewed flotation of copper oxide ores. Recent laboratory 
studies have shown that cupric oxide can be readily floated by long chain 
xanthates, > 6 C atoms (Rao and Finch, 2003). 

Metals such as aluminum, tin, manganese, and iron are extracted from 
their oxide minerals. These minerals are at present concentrated mostly by 
various nonflotation techniques (gravity, magnetic, electrostatic). When ores 
containing coarsely liberated oxides of these metals become scarce, the industry 
begins gradually to adopt flotation as a separation technique. Flotation of 
chromite, FeCr 2 0 4 has been reviewed by Sobieraj and Laskowski (1973), Dogan 
(1973), Lukkarinen and Heikkila (1974) and Fuerstenau et al. (1986). 

Cassiterite, Sn0 2 , has been the object of periodic intensive flotation studies. 
Adsorption studies of various surfactants on cassiterite and stannite and on the 
effects of these surfactants on notability have been carried out in a number of 
laboratories in the U.S., the former USSR, Australia, the United Kingdom, and 
Germany. Varying degrees of success were achieved for different types of 
collectors depending on the grade of the ores, the size of the cassiterite grains, 
and their mineral environment. Collecting agents, which have been found 
successful for the flotation of cassiterite are alkyl carboxylates, /j-tolyl arsonic 
acid, alkyl phosphonic acid, salicylaldehvd and sulfidization and lead activation 
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followed by xanthate flotation. They have been reviewed by Senior and Poling 
(1986) and Lepetic (1986). Further details are desribed in Chapter 11. Flotation 
of cassiterite using chelating agents, alkyl liydroxamates, has been recently 
described [Sreenivas and Padmanablian (2002)]. Chelating agents are described 
in Chapter 9 and their collector action in Chapter 1 1. 

Magnetic oxides of iron are concentrated most economically by magnetic 
techniques. Nonmagnetic ores and some magnetic fines are upgraded by 
flotation, either through the removal of associated quartz and silicates or by 
flotation of specular hematite and taconites. Carboxylic acids and petroleum 
sulfonates are the main collectors employed, with an occasional use of amine 
salts as frother-acting surfactants in acid circuits. Cationic reagents are 
employed in alkaline circuits for the removal of silicates. Details are reviewed in 
paper by Nummela and hvasaki (1986). 

1.7.2. Separations of the “Nonmetallic” Industrial Minerals 

Fluorspar (CaF 2 ), scheelite (CaW0 4 ), barytes (or barite) (BaS0 4 ), and 
phosphates, for example, apatite |Cas(P0 4 ) 4 (F,C0 4 )i ] are the main 
“nonmetallic” minerals successfully concentrated on an industrial scale by 
flotation. The name “nonmetallic” is applied to these insoluble mineral species 
because they are concentrated for use as chemicals rather than for extraction of 
their metallic components in smelting operations. Thus, barite is used as an 
additive to oil-drilling mud, phosphates are used in fertilizer and for production 
of phosphoric acid, and fluorspar as a flux in steel making or for production of 
hydrofluoric acid. 

The principles of nonmetallic minerals flotation have been reviewed by 
Apian and Fuerstenau (1962), Hanna and Somasundaran (1976) and Davis 
(1985). Clement et al. (1973) and Carta et al. (1973) discussed flotation of 
fluorite and barite. Flotation of oxides and silicates has been reviewed by Smith 
and Akhtar (1976) and Fuerstenau and Palmer (1976). 

Fluorspar (or fluorite) and barite are floated with fatty-acid-type collectors 
(oleic or linoleic acids) after a careful dosage of depressants: Na 2 C0 3 , sodium 
silicate, tannic acid, or quebracho (used as a depressant for calcite). Usually, 
elevated temperatures, 75°-85°C (employing steam injection to obtain such 
temperatures in the pulp), are used in fluorspar flotation in order to bring about 
the desired selectivity of separation from silica and calcite and to achieve a 
satisfactoiy recovery. When the flotation pulp is maintained at temperatures 
near the boiling point of water, the selective separation of CaF 2 from silica and 
calcite is greatly improved. Hukki (1973) discussed improvements in selectivity 
using hot flotation processes. Martinez et al. (1975) applied flotation process for 
processing barite. 

Scheelite is most often floated using fatty acids as collectors with numerous 
additives: Na 2 C0 3 for controlling pH and various depressants or dispersing 
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agents to prevent deleterious action of slimes. Bogdanov et al. (1974) described 
the results of laboratory and plant tests using pelargonic hydroxamic acid 
reagent, IM-50, in the flotation of wolframite, cassiterite, and pyrochlore. 
Vazquez et al. (1976) developed a selective flotation process for a ~0.5% WO 3 
scheelite ore in which lime additions were found necessary for selectivity. 

The main problem to be overcome in the flotation of phosphates is an 
effective removal of acid-consuming components such as calcite, CaC0 3 , and 
dolomite, (Ca,Mg)C0 3 , which are also readily floated by the fatty acid collectors 
used. Besides lowering the grade of the concentrate, these carbonate minerals 
create difficulties during acid digestion in the manufacture of phosphoric acid. If 
gypsum, CaS0 4 -2H 2 0, is present as well in the ore, its relatively high solubility 
causes excessive consumption of fatty acids due to calcium soap precipitation. 
Rougher concentrates are cleaned using orthophosphate or fluorosilicate ions to 
depress phosphate minerals while removing carbonates by flotation. For the 
production of phosphoric acid, a minimum grade of -35% P 2 O s is required. A 
comprehensive study of different aspects encountered in the treatment of 
Moroccan phosphate ores has been presented by Smani et al. (1975). Golovanov 
et al. (1968) described the treatment of apatite ores in the former USSR, while 
Lamont et al. (1972), and Sun et al. (1957) dealt with flotation characteristics of 
U.S. apatite ores. Selective flotation of phosphatic ores from siliceous gangue 
and from barite have been described by Houot et al. (1985) and Guimares and 
Peres (1997). 



1.8. Separation of “Soluble Salts” from Saturated Brines 

The components of potash deposits usually comprise a complex mixture of 
halides-halite, NaCl; sylvite, KC1; carnallite, KClMgCl 2 -6H 2 0 - and/or sulfates- 
langbeinite, 2MgS0 4 K 2 S0 4 ; kainite, MgS0 4 KCl-3H 2 0; etc. Previously these 
salts were recovered from natural deposits by a lengthy fractional crystallization 
(in Germany, New Mexico, etc.). 

The most important use of the potassium salts is as fertilizer (potash). The 
fertilizer quality of the various potassium salts is expressed in terms of an 
equivalent K 2 0 percentage: Sylvite (KC1) contains 63.2% K 2 0 equivalent; 
langbeineite (K 2 S0 4 • 2MgS0 4 ), 22.7% K 2 0 equivalent; kainite (MgS0 4 • KC1 
•3H 2 0), 18.9% K 2 0 equivalent; carnallite (KC1 • MgCl 2 -6H 2 0), 16.9% K 2 0 
equivalent. In addition to potassium salts, potash deposits contain sodium salts, 
mainly halite (NaCl) (with which KC1 forms a physical mixture known as 
sylvinite); hydrated sodium sulfate, known as Glauber salt, Na 2 S0 4 - 10H 2 O; 
complex alums [i.e., potash alum, KA1(S0 4 ) 2 12H 2 0; soda alum, NaAl(S0 4 ) 2 • 
12H 2 0; and ammonia alum, (NH 4 )A1(S0 4 ) 2 12H 2 0] and MgS0 4 -7H 2 0, known 
as epsomite or Epsom salts. The grades of the various deposits run -18% K 2 0 
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equiv. in New Mexico, 10-20% K 2 0 in Germany, and 25-35% K 2 0 in 
Saskatchewan (Canada), and in Russia. 

The concentration of potash minerals by selective flotation in a saturated 
brine solution is preceded by the removal of clay (desliming). With ores 
containing sylvinite and carnallite, the separation of clay is followed by selective 
flotation of either sylvite (using /7-alkyl amines or sulfonates as collectors) or 
halite (using /7-alkyl carboxylates of heavy metal ions and a nonpolar oil 
addition). The target concentrate grade is 60-63% K 2 0 equiv. With ores 
containing other salts as well as sylvite and halite, the selective flotation is more 
complicated, and the grade of concentrates produced is lower. The sulfate salts 
of Mg and K can also be separated from sodium sulfates, though less efficiently 
than chlorides. 

Saturated brine solutions represent ~7-10 M concentrations of electrolytes 
(K + , Na + , Cl', SO4 2 ', etc.). Flotation is saturated brine solutions is thus carried 
out in an environment of ionic strength an order or so higher than that when 
flotation in seawater is conducted (~0.7 M electrolyte concentrations). Most 
other flotation systems represent concentrations of lO'MO' 1 M electrolytes. For 
details of potash flotation, see Laskowski (1994). 



1.9. Flotation of Silicate Minerals 

Many of the so-called "space age” metals, such as berylium, lithium, 
titanium, zirconium, and niobium, exist as (or are associated with) complex 
silicates in relatively low-grade deposits. Both anionic and cationic collectors 
are employed in the flotation of these silicate minerals, with fluoride ion 
additions used as the most active modifying agent. The role of fluoride in the 
flotation of feldspar (an igneous rock consisting of aluminum silicates in 
combination with an alkali metal ion) was investigated by Warren and 
Kitchener (1972), and the effect of alkyl chain length and its structure on the 
flotation characteristics of quartz was discussed by Smith (1973) and Bleier et 
al. (1976). The details of the fluoride ionic equilibria, or of the electrical 
characteristics such as streaming potential and points of zero charge in relation 
to the flotation of individual silicate minerals, are given in the book by Manser 
(1975). The minerals comprise orthosilicates (andalusite, axinite, beryl, kyanite, 
olivine, topaz, tourmaline, zircon), pyroxenes (augite, diopside, spodumene, 
wollastonite), amphiboles (actinolite, hornblende, tremolite), sheet silicates 
(chlorite, micas, biotite, lepidolite, muscovite, talc, serpentine), and framework 
silicates (felspars, nepheline, quartz). Anionic flotation of silicates (and oxides) 
is also extensively discussed by Fuerstenau and Palmer (1976), while cationic 
flotation is dealt with by Smith and Akhtar (1976). 

Silicates are separated by selective flotation, first, for the purpose of 
concentrating a given component, e.g., quartz for glass manufacture felspar for 
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ceramic use, and spodumene for production of lithium. An alternative objective 
may be to remove the undesirable component, such as, sodium and potassium 
felspars from quartz intended for Portland cement. Usually, a flowsheet of the 
type shown in Figure 1.7 is used. The success of selective separation depends 
entirely on the use of modifying agents, control of pH, and the choice of 
collectors. 

Chemistry of the collector action on silicates will be discussed in Chapter 

11 . 



1.10. Separation of Naturally Hydrophobic Minerals 

A number of solids exhibit varying degrees of hydrophobic characteristics 
when their surfaces are freshly formed. The solids may be either organic, such 
as, hydrocarbons, waxes, coals, graphite, tars, bitumen, and various plastics, or 
inorganics, such as sulfur, talc, and molybdenite. As long as the surfaces of 
these solids remain uncontaminated (by oxidation or embedded hydrophilic 
colloidal matter), the fine particles of such solids can be easily separated from 
the associated hydrophilic particles. For such separations only the use of frotlier- 
acting surfactant is required. However, the hydrophobic character of these solids 
invariably decreases on lengthy exposure to oxidizing environment, whether 
liquid or gaseous. Hence, additions of nonpolar oils (which invariably contain 
traces of surfactants) or of a collector-acting surfactant, supplementary to frother 
addition, may be required to achieve separation of such oxidized solids with 
reduced hydrophobicity. Heavily oxidized coals, bitumen, molybdenite, and 
sulfur are no longer naturally hydrophobic and may require various additives to 
effect flotation. Some additives may perform a cleansing action by dissolving or 
dispersing a hydrophilic coating. Ammonium hydrosulfide may be acting in this 
manner with oxidized molybdenite. Other reagents may be needed to re- 
establish a hydrophobic surface. 

As mentioned in Section 1.5, the presence of naturally hydrophobic 
minerals in an ore may create difficulties in selective separation. These minerals 
may be soft and they tend to smear on other gangue minerals, making them 
partly hydrophobic. In turn, fine particles of gangue minerals will tend to 
become embedded in hydrophobic particles, making them less hydrophobic. 

Extensive investigations on the action and mechanism of coflotation of 
hydrophilic slimes with native sulfur have been carried out by Waksmundzki et 
al. (1971, 1972). The effects of slime coatings on galena flotation were 
discussed by Gaudin et al. (1960). The characteristics of iron oxide slime 
coatings in flotation of quartz and corundum were evaluated by Fuerstenau et al. 
(1958) and by Iwasaki et al. (1962a, b). The influence of inorganic electrolytes 
on the flotability of naturally hydrophobic minerals (different quality coals, 
sulfur, talc, and graphite) was examined theoretically and experimentally by 
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Laskowski (1966). He explained the improved flotation (observed in higher 
electrolyte concentration when slight additions of nonpolar oils are made) by the 
precipitation of microbubbles on hydrophobic surfaces. Such precipitation is 
facilitated by the decreased thickness of the electrical double layer, resulting 
from increased electrolyte concentrations 

Coal is one of the naturally hydrophobic minerals that is now concentrated 
on a very large scale by flotation. It is estimated that from 20 to 40% of the total 
coal output is undergoing some concentration process, usually consisting of 
washing in heavy media or jigging in order to remove shale; only a relatively 
small portion of total coal, namely fines smaller than ~3 mm, is subjected to 
concentration by flotation. The main difficulties associated with the treatment of 
coal fines are the following: 

1 . About one-third of the recovered coal may have to be expended to provide 
heat to drive off the moisture from the flotation concentrate. It thus becomes 
uneconomical to carry out an operation that yields, effectively, slightly more 
than 50% of the coal content in the feed (even if it is a high-rank, 
superficially altered but still hydrophobic coal). 

2. For heavily oxidized coal fines the recoveries by flotation drop off 
drastically, and new, more effective collector-type reagents are needed to get 
satisfactory results; such reagents are yet to be developed and tested. 

General characteristics of coal are dealt with in Gould (1966); Coal 
Preparation, Leonard and Mitchell (1968), contains a few pages devoted to coal 
flotation [Zimmerman (1968)]. The flotability of coarse coal and the effects of 
coal oxidation were dealt with by Sun and Zimmerman (1950), Sun (1952, 
1954a, b), and Whelan (1953). General reviews of coal flotation were presented 
by Brown (1962), Zimmerman (1968), and Apian (1976). In Russian, there is a 
textbook devoted specifically to coal flotation, viz., Klassen (1963). Laskowski's 
recent book (2001) in English describes both basic research as well as industrial 
practices of coal processing. 



1.11. Some Non-Mineral Applications of Flotation 

While mineral separation continues to be the major area, where flotation 
technology has been applied for the treatment of a large number of complex 
systems, the application of flotation for the separation of solids in several other 
areas of materials processing should also be recognized. Some examples are 
described in the present section. 

1.11.1. Flotation in Wastewater Treatment 

For many years dissolved air flotation has been used to separate suspended 
solids in wastewater treatment (Zabel, 1992; Rubio et al., 2002). The finely 
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dispersed solids are first flocculated by using appropriate polymeric flocculants. 
The flocculants are also surface active compounds like mineral collectors, but 
they contain a polymeric hydrocarbon chain, which bridges the fine suspended 
solids producing a large floe. The hydrocarbon chain makes the flocculated solid 
sufficiently hydrophobic and is readily floated by air bubbles. The floated solid is 
removed by mechanical scraping. 

Flotation techniques have been applied to remove dissolved heavy metals 
from effluents. The dissolved metals are first precipitated as hydroxides or 
insoluble metal complexes, which are subsequently floated. As an example, 
Ramadorai and Hanten (1986) have described the precipitation of molybdenum 
as a ferric-molybdenum insoluble complex by treating the effluent with ferric 
salt at pH 3. 5-4. 5 and floating the insoluble complex formed. An anionic 
polymeric surfactant, is used, which senes to aggregate the fine precipitate by 
flocculation and make it hydrophobic. 

1.11.2. Drinking of Paper in Paper Recycling 

Application of flotation for dcinking in the recycled paper industry has 
attracted much attention in recent years (Hardic et at. 1999). By its chemical 
nature, ink is sufficiently hydrophobic and does not require a collector. Ink is 
first detached from the paper fiber by treatment with sodium hydroxide. The 
hydroxyl ions cause fiber and ink particles to become negatively charged. An 
anionic detergent is added. The hydrophobic part of the detergent attaches to the 
ink particles and helps remove them from the fiber. The ink particles are 
dispersed in water and though hydrophobic, do not readily float. In order to form 
larger flotation aggregates, calcium salts of fatty acids are added. About 2.7xlO' 3 
M calcium ion concentration is sufficient to ensure flotation of ink particles. It is 
suggested that a calcium bridge is formed between ink particles and the 
detergent enabling the ink particles to adhere to air bubbles. 

1.11.3. Processing of Oil Sands 

An application of flotation in energy mineral recovery is in the processing 
of oil sands occurring in Alberta, Canada. Oil sands carry' bitumen locked in 
clay and coarse sand. More than 500.000 tons of oil sands are processed daily 
(Hepler and Hsi, 1989; Kaspcrski. 1992). Mined oil sands are digested and 
aerated, with a small amount of sodium hydroxide, at a slurry' temperature of 
75°-80°C. The elevated temperature and alkali liberate bitumen from sand 
grains. The procedure is called the Clark Hot Water Extraction Process (Hepler 
and Smith, 1994). The conditioned slurries are then fed to a primary separation 
vessel (PSV). Taking advantage of the natural hydrophobicity of bitumen, the 
liberated bitumen droplets, mostly engulfing air bubbles, float to the top of the 
pulp, forming a bitumen-rich primary froth in the PSV. The middlings from the 
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separation vessel are further processed in conventional mechanical flotation 
cells to recover the remaining bitumen. The tailings from the PSV and the 
flotation cells contain mainly coarse sands and mineral fines with a small 
amount of fugitive fine bitumen droplets. Approximately one million cubic 
meters of tailings arc discharged into tailings pond daily. Between 80 and 97 
percent bitumen is recovered depending upon the grade of the feed. That leaves 
significant bitumen in the fine clay tailings. Current research in this area is 
directed to improving the efficiency of bitumen recovery' by understanding the 
surface chemistry' of the system. Some aspects of the subject will be discussed in 
Chapters 7 and 8. 



1.12. Recent Developments in Industrial Flotation Operations 
and Research Techniques 

Taking the last two to three decades as the span of “recent'’ developments, 
the following remarks could be made about changes that occurred during that 
period: 

1. As a result of a general decrease in grade of ores and a higher market 
demand, the tonnages treated by flotation plants have increased from the range 
of 500-2000 tonnes daily to 20.000-100.000 tonnes daily (in tar sands flotation, 
even 500,000 tonnes daily). 

2. The separation difficulties (due to intricate interlocking of minerals and their 
variable association and dissemination characteristics) have increased greatly, 
but are being gradually resolved. 

3. The consumption of reagents in flotation circuits have been lowered by 
approximately an order of magnitude in comparison with the pre-World War II 
additions. A large number of new reagents have been brought into use as 
collectors and frothers; see Chapters 9 and 13. 

4. The size of equipment used in flotation plants (and in mining in general) 
have increased several fold to cope with the demands of increased throughput. 
For example, autogenous grinding mills are 10-11 m in diameter (32-36 ft), as 
compared to the 3-5 m (10-16 ft) of the prewar grinding mills. Flotation cells 
have become very large indeed, increasing from the ~ IV 2 m 3 (—50 ft 3 ) cell 
volume (which 30 years ago was considered the maxi muni) to the 15-21 m 3 
(500-700 ft 3 ) cells used today. 

5. Some pieces of equipment, such as rake and spiral classifiers, used in size 
separation, have been nearly completely replaced by hydrocycloncs. Similarly, 
high rate thickeners arc gradually replacing the large diameter rake thickeners 
previously used in treatment plants. 

6. Numerous instruments and devices for quick, on-line, real-time determination 
of pulp flow, size analysis, chemical analysis, mineralogical evaluations, etc.. 
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have been introduced. Many of these instruments arc interphased with 
computers, making possible control of individual operations. 

7. Modeling, optimization, and automation of specific unit operations are being 
developed and introduced into industrial operations on an ever-increasing scale. 

8. In sulfide flotation, pulp potential measurements (described in Chapter 10) 
have become routine practice. Control of pulp potential is increasingly used to 
achieve selective flotation. 

Parallel with the preceding changes, there has been a continued adjustment 
of treatment approaches to suit the requirements of individual systems. To 
reduce grinding costs and to facilitate difficult separations, mixtures of sulfides 
in complex ores arc treated more frequently by procedures interposing flotation 
and chemical treatments in alternating sequences. 

Flotation technology is being applied as an auxiliary unit operation in many 
separation processes. In most cases it is still the choice as the main technique to 
concentrate ores. However, more and more frequently, flotation is used as an 
auxiliary step in an integrated sequence of chemical physical operations to 
separate synthetic solids. Examples of such applications are Inco's matte 
processing and Noranda's slag milling. 

An example of flotation as an auxiliary operation in hydromctallurgical 
processing is found in Arbiter process |Kulm et at. (1974)]. It offers a number of 
options depending on the mineral composition of the feed, the economics of by- 
product recovery, and the cost of energy. Mixed concentrates of copper, zinc, 
nickel, and cobalt sulfides, containing traces of Au and Ag, are treated by a low- 
pressure ammonia-oxygen leach at 65°-80°C to dissolve most of the copper 
sulfides as C11NH4SO.4. The leach liquor is then subjected to a solvent exchange 
and stripped to provide copper sulfate for electrowinning of copper or for 
precipitation by SCT gas. The ammonia leach residue is washed and treated by 
flotation to recover the rest of the (undissolvcd) copper, precious metals, and 
other sulfides. The by-product metals, sulfur, and ammonia are then recovered 
by a variety of alternative treatments. 

Inco's process of matte flotation is incorporated in a sequence of 
pyrometallurgical processes [Sproulc et al. (1961), Tipntan et al. (1976), Agar 
et al. (1996)]. A Cu-Ni matte produced during smelting of Cu-Ni-Fe 
concentrates is subjected to slow cooling during which crystals of copper sulfide 
and nickel sulfide separate out. The cooled matte is crushed and ground and 
subjected to flotation to separate the two sulfide products. 

A number of new reagents have been introduced, such as polyoxyethylene 
and polyoxypropylcnc alcohols, used as frothers (c.g.. Dowfroth 200 and 250). 
Alkyl thionocarbamatc esters (Z-200) arc used for flotation of Cu sulfides, 
Hydroxamic acids, alkyl arsonic acids, and alkyl phosphonic acids were 
introduced for flotation of cassitcrile. wolframite, and pyrochlore. 8- 
Hydroxyquinoline (oxinc). together with lion-polar oils, is employed in flotation 
of Italian calamines. Numerous multipolar surfactants, in particular 
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“amphoteric” ones, with anionic and cationic polar groups such as 
aminocarboxylates or aminosulfonates. are being tested as prospective flotation 
reagents. High-molecular-weight polymers, used as depressants and flocculating 
agents, comprise the major portion of surfactant production. Flocculating agents 
in particular are widely used in the treatment of effluents and in water 
reclamation. 

The role of surfaces in accomplishing the act of flotation was recognized 
from the veiy beginning of flotation practice [Hildebrand (1916), Smith (1916), 
Coghill (1916). Taggart and Beach (1916)]. However, the realization that 
flotation is but one of numerous applications of surface chemistry has occurred 
only within the last three decades. With this realization, new surface chemical 
research tools and techniques have been gradually brought into flotation 
investigations. The more successful of such techniques are zeta potential 
measurements in different environments (described in Chapter 5) and the 
surface balance (Langmuir trough) studies on solidification of surfactant 
monolayers under the influence of organic and inorganic additives (described in 
Chapter 4). The interactions between two types of surfactants used in flotation 
and the role played by oxygen in the flotation of sulfide minerals have been 
recognized and are being documented. The electrochemical nature of reactions 
between some surfactants and solid surfaces of semiconductors have been 
identified. The most relevant have derived from the (initially) abstract studies on 
the unique character of thin liquid layers adhering to solids or as free liquid 
films. The rupturing of such films occurs in establishing particle-bubble 
attachment during flotation, in aggregate formation during coagulation, or in 
breaking emulsions and froths. Film rupture has become recognized as a 
common phenomenon in numerous applications of surface chemistry. 

Electron diffraction and electron microscopy have been applied to study the 
oxidation of mineral surfaces and. subsequently, the nature of the adsorbed 
layers of collectors. Ultraviolct/Visiblc spectroscopy is utilized to follow the 
reactions of some surfactants in solutions, and infrared spectroscopy was used to 
study the structure of collector species before and after adsorption onto mineral 
surfaces. Other spectroscopic techniques such as low-energy electron diffraction 
(LEED), Auger electron spectroscopy (AES), electron paramagnetic resonance 
(EPR), Fourier Transform Infrared Spectroscopy (FTIR). Mossbauer 
spectroscopy, electron spectroscopy for chemical analysis (ESCA), (more usually 
known as X-ray photoelectron spectroscopy, XPS). secondary ion mass 
spectroscopy (SIMS) and laser ionization mass spectroscopy (LIMS) etc., are 
being applied to flotation systems more and more frequently. The principal 
surface analytical techniques used in flotation research will be described in 
Chapter 4. 

Parallel with the studies of the chemistry of flotation, the kinetics of the 
process has been investigated. A concise account of the results published up to 
the early 1950s is given in Gaudin (1957. Chapter 12. pp. 369-392). Since then. 
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papers by Keisall (1961). Bushell (1962). Arbiter and Harris (1962), Imaizumi 
and Inoue (1965), Loveday (1966), Hayman (1975), Ahmed and Jameson (1989) 
have dealt with various aspects of flotation kinetics. The subject including more 
recent studies will be reviewed in Chapter 14. 

The availability of computers stimulated not only an extension of kinetic 
studies but also the development of mathematical models and automatic process 
control of integrated grinding and flotation circuits. Empirical modeling and 
optimization methods suitable for mineral processing were first reviewed by 
Mular (1972). Recent book by King (2001).brings together current approaches 
to modeling and simulation. Flotation process control is also discussed at the 
symposia organized once every three years by the International Federation for 
Applied Control (IFAC). Flotation process design and optimization were 
discussed by Harris et at. in a paper at a recent conference on mineral 
processing plant design (Mular et at . , 2002). Conferences on computer 
applications in mineral industry' (CAMI) have been held at various centers in 
Canada since 1988. (Proceedings are published by the Canadian Institute of 
Mining, Metallurgy and Petroleum, Montreal.) 



1.13 Small Scale Flotation Test Devices. 

In flotation it is often necessary to work with materials available only in 
small quantities. This is especially the case when the researcher is studying the 
various chemical factors using well characterized high purity minerals. Flotation 
machines, which require kilograms of material are not practicable. Small 
devices called microflotation cells, which require only a few grams of mineral 
can be constructed in the laboratory. They normally do not require moving parts 
for their operation. The following is a short description of some of the most 
widely used microflotation cells. They have been employed for flotation 
chemistry research in many laboratories 

Hallimond Cell. First described by Hallimond in 1944, this is a pneumatic 
cell made up of glass tube designed to inject air bubbles through a mineral slurry 
and collect the float fraction as shown in Figure 1.11. Typically, the glass tube is 
about 20 cm long and 2 cm win diameter. The lower end of the tube is 
constricted to about 0.25 cm and a small elongated pad of cotton is pressed into 
the opening from above. In modified designs (Sutherland and Wark, 1955) a 
sinter disc (e.g., fritted glass) is fiised in place of the cotton pad. Air or any 
desired gas is introduced through the sinter disc. The mineral powder is placed 
to a depth of about 1.3 cm to allow a steady stream of bubbles, which, rise along 
the upper side of the tube and burst at the surface. The mineral floated drops 
into the capillary D closed by a plug E. It is recovered and weighed. 
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Figure 1. 11. Hailimond cell. 

Modified Hailimond cell (modifications in the basic design) have been 
described by Fuerstenau (1957) and Fuerstenau et al. (1964). The latter 
investigators have pointed out lack of pulp density as a disadvantage of 
Hailimond cell. The pulp density of the slurry in Hailimond cell is usually only 
1 percent. Testing with higher pulp densities is necessary under some 
conditions. The cell described by Fuerstenau et al. (1964) allows test with up to 
5 percent pulp density. It is made by removing the stem of a 150 ml Buchner 
funnel and placing another small stem parallel to the glass filter for introducing 
the gas. A lip bent at the top of the cell permits froth discharge. 

Partridge-Smith Cell. This is similar in principle to Hailimond cell, but it 
has some advantages. It requires small liquid volume (< 50 ml) and sample size 
(0.5-2 g). The mineral slurry can be stirred mechanically or magnetically (if the 
minerals are all nonmagnetic.) Figure 1.12 shows construction of the cell made 
of glass. Mineral particles are initially contained in a column of the test solution 
closed at the bottom by a glass frit of fine (< 5 pm) pore size. The bed is gently 
agitated and controlled flow of air is passed through the frit. The particles 
floated are deflected outwards and collected through the port. 
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Figure 1.13. Siwek microtlotation cell 

Cells of other designs have been described. In a new design by Wesseldijk et 
al. (1999) air is introduced through the base of the cell. Mineral loaded bubbles 
rise through the cell and are deflected off at the top of the cell After a set time 
the needle is removed and the particles recovered are collected as concentrate. 



1.14. Flotation Literature 

The developments in applications of flotation to a wide range of industrial 
separations coupled with modern research techniques have led to a spectacular 
increase in flotation literature. It is impossible to do justice to all the numerous 
publications that have appeared in the last two decades or so concerning the 
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variety of research topics and practical developments in flotation. These have to 
be traced individually from year to year. Some journals publish yearly reviews of 
progress in fundamentals of flotation and mineral processing in general. For 
example, World Mining, in its Catalogue and Directory number (issued every 
June), presents a thorough review of developments in mineral processing for the 
preceding year (authored during the last few years). This review deals with 
topics from comminution, gravity and magnetic separation, flotation, 
automation, and chemical treatment to smelting and direct reduction. Similar 
reviews are presented in the February issues of Mining Engineering (AIME), and 
Canadian Mining Journal, each topic reviewed by different authors 

These publications provide valuable help in tracing available information 
relevant to a particular theoretical and practical development in the field of 
flotation. The large numbers of items listed each year, some 800 to 1300, testify 
to the difficulty of keeping abreast with all aspects of the field. Other sources of 
information are the proceedings of international mineral processing congresses 
(IMPCs). As of 2003, 22 proceedings of international mineral processing 
congresses (held in different countries) have been published since 1952. There 
are also numerous national conferences and special symposia organized to 
discuss selected topics. Seven proceedings of international congresses of surface 
activity appeared, invariably containing contributions related to applications of 
surfactants to flotation. Special quasi-international conferences and symposia 
are held nearly every year in the United States, in one of the Mid-European 
countries, Turkey, South America (specially Chile), Australia or India. Mineral 
Engineering International (MEI) organizes annually conferences on mineral 
processing. These are held in different countries. In addition. MEI also conducts 
conferences on specific subjects of mineral processing. For example, two 
conferences exclusively on flotation have been held in 2000 (in Australia) and 
2003 (in Finland). Information and papers presented at these conferences are 
published in Mineral Engineering journal (Oxford, U.K.). In Canada, the 
Metallurgical Society of the Canadian Institute of Mining, Metallurgical and 
Petroleum Engineers (CIM) organizes inter-national symposia on Fundamentals 
of Mineral Processing once every' two or three years. They have been held since 
1995. The next one will be held in August. 2004. The papers are published in 
Proceedings volumes by CIM in Montreal. Less widely publicized national 
symposia frequently produce publications of more restricted circulation, such as 
the proceedings of annual meetings of the Canadian Mineral Processors held in 
Ottawa; in January each year; (the 35th was held in 2003). 

In addition to journals dealing specifically with the topics of mineral 
processing and flotation, such as, for example. International Journal of Mineral 
Processing, Minerals and Metallurgical Processing, Transactions of the IMM, 
and Minerals Engineering, there are numerous publications of surface chemistry 
which contain, from time to time, papers on topics relevant to flotation. Thus, 
Journal of Colloid and Interface Science. Colloids and Surfaces. Separation 




48 



Chapter 1 



Science and Technology , Kolloidnyj Zhurnal, Colloid and Polymer Science 
(formerly Kolloid Zeitschrift), Tenside, etc., have to be referred to by those 
concerned with the theoretical developments and research in flotation. 

The Mineral Engineering International prepares lists of refereed 
publications in all areas of mineral processing as well as news of conferences 
and important developments and makes it available on internet. It is freely 
accessible by contacting mei-subscribe@topica.com . The list covers 
most journals specially devoted to mineral processing subjects including surface 
chemistry of flotation. Updated information is sent frequently (about once a 
month) by e-mail to all subscribers. (Subscription is free!) 

A computer software named "Henunal" which contains an exhaustive list of 
titles of papers and abstracts in mineral processing subjects including flotation 
has been prepared by Dr. Samad Banisi at Shahid Bahonar University, Kerman, 
Iran. Most papers published since 1980 in journals and conference proceedings 
are listed by authors and subject. Contents of the software are updated 
periodically. It is a valuable source for a literature search. 

1.14.1. List of Periodicals Regularly Publishing Papers on Flotation Theory 
and Practice 

Canadian Mining and Metallurgical Bulletin, (CJM Bulletin), Montreal. Quebec 
Canadian Mining Journal, Montreal. Quebec 
Engineering and Mining Journal, New York 
Erzmetall, Stuttgart 

Fizykochemiczne Problemv Przerobki Kopalin. Gliwice, Poland 

Freiberger Forschungshefte, Leipzig 

International Journal of Mineral Processing, Amsterdam 

Journal of the South African Institute of Mining & Metallurgy, Johannesburg 

Mine and Quarry Engineering, London 

Minerals and Metallurgical Processing. Littleton. CO 

Minerals Engineering, Oxford. U K. 

Mines et Metallurgie, Paris 

Mines Magazine, Denver 

Mining and Minerals Engineering. London 

Mining Congress Journal, Washington. D.C. 

Mining Engineer, London 
Mining Magazine, London 
Mining World, San Francisco 
Nippon Kogvo Kaishi, Tokyo 

Proceedings of the Australasian Institute of Mining and Metallurgy, Melbourne 
Proceedings of the South African Institute of Mining and Metallurgy, 
Johannesburg 
Rudy, Prague 
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Sbornik Nauchrtykh Robot Moskovskogo Gornogo Instituta, Moscow 

Scandinavian Journal of Metallurgy, Helsinki, Finland 

Tohoku Daigaku Senko Seinren, Sendai, Japan 

Transactions of the Indian Institute of Metals, New Delhi 

Transactions of the Institution of Mining and Metallurgy (IMM Transactions), 

London 

Tsvetnaya Metallurgya, Moscow 
Tsvetnye Metally, Moscow 

Zeszyty Naukowe Akademii Gorniczo-Hutniczej, Krakow 

1.14.2. List of Periodicals Publishing Occasional Papers on Flotation 
Chemistry 

Acta Chemica Scandinavica, Munksgaard. Copenhagen 
Acta Metallurgica, Toronto 

Acta Polytechnica, Royal Institute of Technology, Stockholm 

AIChE Journal, New York 

Analytical Chemistry, Easton, Pennsylvania 

Angewandte Chernie, Weinheim, ERG 

Annalen der Chernie, Weinheim, ERG 

Annates de Chimie, Paris 

Canadian Journal of Chemistry, Montreal 

Canadian Metallurgical Quarterly, Montreal. Quebec 

Chemical Engineering Progress. New York 

Chemical Engineering Science. London 

Chemicke Li sty, Prague 

Chemisch Weekbiad, Hilversum, Netherlands 

Chemistry and Industry, London 

Chimie et Industrie, Paris 

Collection of Czechoslovak Chemical Communications, Prague 
Colloids and Surfaces, Amsterdam 

Colloid Journal of the USSR [transl. Kolloidnyi Zh.]. New York 
Colloid and Polymer Science, Darmstadt 
Fuel, London 

Gazzetta Chimica Italiana, Rome 

Gornyi Zhurnal, Sverdlovsk, USSR 

Helvetica Chimica Acta, Basel 

Indian Journal of Applied Chemistry, Calcutta 

Indian Journal of Chemistry, New Dehli 

Indian Journal of Technology, New Delhi 

Industrial and Engineering Chemistry, Washington, DC. 

Journal of Adhesion, Amsterdam 

Journal of Chemical Society, Faraday Transactions, London 
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Journal of Physical Chemistry, Washington, DC 

Journal of Colloid and Interface Science , New York 

Langmuir, Washington, DC 

Roczniki Chemii, Warszawa 

Separation Science and Technology, New York 

Surface Science, Amsterdam 

Svensk Keniisk Tidskrift, Stockholm 

Tenside Detergents, Miinchen 

Zeitschrift fuer Elektrochemie, Leipzig 

Zeitschrift fuer Physikalische C.hemie , Frankfurt am Main 

Zeitschrift fuer Physikalische Chemie, Leipzig 

Zhurnal Fizicheskoi Khimii, Moscow 
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Chemical Bonding and 
Structure of Solids 



Flotation pulps consist of mixtures of solid particles in an aqueous medium, 
with small additions of surface active agents (inorganic and organic), and air 
bubbles. Tlius, all three types of phases - solid, liquid, and gaseous - are present. 
The properties of the bulk phases influence and determine the characteristics of 
the interfaces formed between die adjoining phases. The bonds across interfaces 
are a direct consequence of bonds within each phase and of the electronic 
structures in the participating atoms. Any account of interfacial properties must 
take cognizance of different types of bonding, their relative strengths, and dieir 
cooperative effects. 

The basic aspects of chemical and molecular bonding and crystal structure 
relevant to the interpretation of surface phenomena will be discussed in diis 
chapter. More details are described in standard books on structural chemistry. 



2.1. Ionic Bonding 

The simplest, die ionic bond, is formed between a positively and a 
negatively charged ion. It acts over large distances (i.e., constitutes a long-range 
force) and is nondirectional; an ion always attracts counterions from every 
direction, regardless of their relative positions. Also, in an ionically bonded 
neutral aggregate composed of equal numbers of oppositely charged ions, the 
bonds do not become saturated, but further ionic bonds can be developed by each 
of the terminal ions. 

Depending on the electronic structure of an atom, it can either give up its 
valence electrons to become a positive ion, or it can accept electrons from any 
available source to become a negatively charged ion. An electronegative element 
gives electrons to an electropositive element to form a compound widi ionic 
bond. 

For an isolated pair of oppositely charged ions the energy of the bond 
developed between them is the stun of an attractive and a repulsive contribution 
to the overall potential energy: 
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V 2 

d n 



(attractive (repulsive 
energy) energy) 



( 2 . 1 ) 



where z + and z represent the numbers of positive and negative charges on the 
two ions; e is the electronic charge, 4.8 x 10* 10 esu = 1.602 x 10' I9 C (coulomb); d 
is the distance between the centers of ions; by is a constant for the given ionic 
compound; and n is an exponent depending on the electronic configuration of 
ions such that for the configuration of electrons in: He. n = 5; Ne, n = 7; Ar, n = 
9; Kr, n = 11; Xe, n= 12;Rn,« = 14. 

When an ionic crystal is placed in a liquid of a high dielectric permeability, 
(that is, a polar liquid), the attractive forces between the ions are diminished in 
proportion to 1/s, causing breakdown of the crystal lattice to produce solute 
species. In water these solute species are usually in the form of solvated ions (see 
Chapter 3). 



Note. The dielectric permeability (permittivity) e of a substance expresses its 
response to an electric field applied across it. For static electric fields (dc) the 
dielectric permeability is constant. Referred to as dielectric constant, e s . For 
fields of low frequency it is nearly constant and refects the ability of permanent 
dipoles within the substance to follow an ac applied field. The dielectric dipoles 
within the substance to follow an ac applied field. The dielectric relaxation time r 
(the time required bv the given permanent dipoles within the substance to 
reorient themselves with the ac field) depends on the structure developed by the 
dipoles within the substance, For example, the dielectric relaxation time for 
dipoles in liquid phase is of the order of I O'" sec; it is different for the same 
water dipoles in the ice phase [Franks (1972), vol. 1, chapter 4, Figure 12, p. 
140J. The contributions to dielectric properties of the substance arising from 
induced dipoles (as opposed to permanent ones) make the dielectric permeability 
frequency-dependent whenever electric fields of frequencies higher than those of 
the relaxation processes are employed. (For more details, see Section 3. 1.) 

Whenever ionic solids fracture, the new surfaces thus created are always 
highly hydrophilic, polar, attracting ions or dipoles from the surroundings. 



2.2 Covalent Bonding 

Covalent bonds form at much shorter distances tlian ionic bonds whenever 
the two approaching atoms can share one pair (or more) of electrons, each atom 
contributing one electron of each pair. A single bond is produced by one pair of 
electrons, double bond by two pairs (two electrons from each atom) and triple 
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bond by three pairs. 

Hydrocarbons are the most well known compounds formed by covalent 
bonding between carbon and hydrogen and between carbon and carbon for longer 
hydrocarbon chains. In the simplest, methane, four hydrogen atoms are 
covalently bound to a carbon atom. Carbon lias four electrons in its valency 
orbital, sp 3 . The lone electron of the hydrogen atom and an electron from carbon 
atom together form the covalent bond C-H. As carbon lias four electrons, it binds 
with four hydrogen atoms. One or more of the hydrogen atoms can be replaced 
by another carbon atom forming a two carbon chain, CH 3 CH 3 . By replacing a 
hydrogen atom by another atom like Cl or a functional group like -OH organic 
compounds with hydrocarbon chain, called alky l compounds (like CH 3 C1, methyl 
chloride or CH 3 OH, methyl alcohol) are produced. 

2.2.1. Nomenclature of Hydrocarbon Groups, R. 

The nonpolar hydrophobic group of a surfactant, denoted by R, R| , R 2 , or R 3 , 
usually consists of a hydrocarbon group (see below) which may appear in a large 
variety of structural arrangements , that is, isomers, representing compounds of 
the same molecular formula but differing in structure. The bulk properties and 
particularly the surface properties of surfactants are to a great extent dependent 
on and determined by the stereochemistry of the hydrophobic and the hydropliilic 
portions of the molecule. 

There are three classes of aliphatic hydrocarbons: the alkanes , in which each 
carbon has four single bonds; the alkenes, in which two carbon atoms are joined 
by a double bond (two electron pairs); and the alkynes, in which two carbon 
atoms are joined by a triple bond (three electron pairs). 

Open-chain alkanes [whether straight-chain, with the prefix n (for normal) or 
branch-chain ones] have the general formula C„H 2 „. 2 ; cycloalkanes containing 
rings of carbon atoms (as in cyclopropane, cyclobutane, cyclopentane, etc.) have 
the formula C„H 2 „ if unsubstituted. The possibility of branch-chain compounds 
isomeric with /7-hydrocarbons starts with butane and increases very rapidly; 
Butane has 1 branch-chain isomer, pentane. 2; hexane, 4; heptane, 8; octane, 17; 
nonane, 34; decane, 74; etc. The group formed when an alkane has one of its 
hydrogen atoms left out is called an alkyl group, e g., for /7-hydrocarbons, -CH 3 , 
methyl; -C 2 H 5 , ethyl; -C 3 H 7 , propyl; -C4H9, butyl; -C 3 H n , pentyl (amyl); -C6H ]3 , 
hexyl; -C 7 H 15 , heptyl; -C^H;®, tetradecyl (myristyl); -Ci6H33, liexadecyl (cetyl); 
and -Ci 8 H 37 , octadecyl (stearyl). 

In naming complex isomers, the longest consecutive chain of carbons is 
picked out, and the carbons are numbered starting from the end of the chain; the 
substituent groups are assigned numbers corresponding to their positions in the 
chain, and the direction of numbering is chosen to give the lowest sum for the 
numbers of the carbons that cany the substituents. When different substituents 
are present in a branch-chain isomer, following the practice of Chemical 
Abstracts Service, they are listed in alphabetical order, i.e.. 
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4-ethyl-3-methyl-6-propyl octane. 

In cycloalkanes, the substituents are similarly assigned numbers to keep their 
sum to a minimum, starting with the substituents in alphabetical order, i.e., 

l-ethyl-3-methylcyclohexane. 

Small ring cyclohexanes, such as cyclopropane and cyclobutane, have a high 
degree of strain in their C-C-C bonding and are more reactive than saturated 
open-chain hydrocarbons. 

An alkyl group is described as primary if the carbon at the point of 
attachment is bonded only to one other carbon, as secondary if bonded to two 
other carbons, and tertiary if bonded to three other carbons. 

Open-chain alkenes containing one double bond have the general formula 
C„H 2 „ (the same as unsubstituted cycloalkanes) and are called olefins. The 
longest continuous chain containing the double bond is given the name of the 
corresponding alkane, with the ending changed to -ene: the alkyl groups derived 
from alkenes carry the suffix -enyl, e.g., pentenyl. Hydrocarbons with a double 
bond enclosed in a ring, cycloalkenes, are named using the system for open-chain 
alkenes, but the numbering starts with the carbons of the double bond in the 
direction that gives the lowest sum for the substituent positions, for example, 1,3- 
dimethylcyclopentene (and not 2,5 dimethyl cyclopentene). However, most of the 
natural products extracted from plants, wood, coal, animal fats, etc., are known 
not by their systematic names but by common names (nonsystematic). Some 
examples of flotation reagents will be described in Chapter 9. 

Many alkenes contain more than one double bond: alkadienes (two double 
bonds), alkatrienes (tliree double bonds), etc. When two or more double bonds 
are next to each other, the compound is said to have cumulated double bonds; 
when the two or three double bonds are separated from each other by one single 
bond, these are known as conjugated double bonds. 

There are four alkenyl groups with 18 carbons (Ci«) which are frequently 
found in flotation reagents: The oleyl group represents the cis form of a 
monounsaturated hydrocarbon group, -CH 2 (CH 2 ) 7 CH=CH(CH 2 ) 7 CH 3 , and the 
elaidyl group represents the trans form of the same; the linoleyl group (from 
linoleic acid) is a hydrocarbon group with two double bonds, cis- 9, c/.v-12, that is, 
-CH 2 (CH 2 ) 7 CH=CHCH 2 CH=CH(CH 2 ) 4 CH,; and the linolenyl (from linoloenic 
acid) group is a cis- 9, cis- 1 2, cis- 1 5 (three double bonds) hydrocarbon. 

It is important to realize that all hydrocarbons or their groups possess 
freedom of rotation around each single bond but no freedom of rotation around a 
double or triple bond. Thus, the paraffinic alkyl groups are not rigid structures 
but can adopt any conformation permitted by the flexibility of the chain. (Paraffin 
means "little affinity" and is applied to saturated hydrocarbons, alkanes, because 
they are least reactive.) However, the olefinic groups exhibit - in addition to 
structural isomerism (branch-chain structures) - so-called geometrical isomerism 
(stereo-isomerism), in particular the cis-trans isomerism; stereoisomerism is 
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characterized by the different configurations adopted by compounds having the 
same structure. Owing to the rigidity of the double bond, the two atoms 
immediately next to the double-bonded carbon atoms are either at a definite 
angle, forming a nonlinear configuration (a cis form of the molecule), or are in a 
nearly linear configuration of the molecule (a trans form), . 



Y Y 1 

^C— c / 
X H 



Y H 

</ 

H / 'V 



cis form trans form 

where Y and Y 1 represent an atom, a hydrocarbon chain, or a group of atoms. 

Two conjugate double bonds can also exist in two stereoisomeric cis and 
trans configurations, e.g., butadiene, 



H H 

\:-c/ 

✓ \ 

H,C ch, 



H CH, 

c— c 
✓ \ 

H,C H 



s-cis 



s- trans 



As will be seen later, structural isomers may give rise to different properties 
of surface films adsorbed at various interfaces (solid/liquid, liquid/gas, solid/gas) 
and thus may cause pronounced differences in flotation results. 

Three conjugate double bonds forming a benzene ring, Qplg, represent a 
special structure, highly stabilized by resonance energy (of ~30 kcal/mol, ~125 
kJ mol 1 in SI units). Benzene gives rise to a very large group of compounds, 
arenes, or aromatic hydrocarbons. These are formed by numerous substituents 
attached to a benzene ring either singly (e.g., phenol, toluene, styrene, aniline, 
ethyl benzene) or in pairs (e.g., xylene, cresol, etc.): 



OH 



CH, 



CH=CH, 




CH,CH 



9 



benzene phenol 


toluene 


styrene 


aniline 




(methylbenzene) 


(vinylbenzene) 





ethylbenzene 



Pairs of substituents may occupy different ring positions designated by ortho, 
meta, and para. 
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AAA 




B 

ortho- meta- para- 



giving rise to three positional isomers, e.g., xylene isomers: 




CH, 

ortho-xylene meta-xylene para-xylene 

(1,2-dimethylbenzene) (1,3-dimethylbenzene) (1,4-dimethylbenzene) 

Polynuclear aromatic compounds are formed when several benzene rings are 
fused" together to form naphthalene (two rings), anthracene (three) and 
naplitliacene (four): 




naphthalene anthracene phenanthrene 



Antliracene and phenanthrene, each with three rings are isomers. 
The different groups derived from aromatic compounds are 




phenyl benzyl benzal benzo benzhydryl 



Alkynes, R-C=CH (where R is either H3 or an alkyl group), are similar in 
physical properties to alkenes, but do not usually react as rapidly. 

For details on the composition and stnicture of the organic compounds, the 
reader is referred to any of the large number of texts in organic chemistry, e. g., 
Roberts et al. (1971), Fieser and Fieser (1961), Finar (1959), Karrer (1950), 
Morrison and Boyd (1966). 
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2.3 Partial Ionic-Covalent Bonds 

The bond character, ionic or covalent depends upon the difference in the 
electronegativities of the atoms. Electronegativity is a measure of the atom's 
capacity to accept electrons. An atom with high electronegativity like oxygen, 
fluorine, chlorine readily draw electrons from an element with low 
electronegativity, ones which are highly electropositive, like alkali metals (Na, K, 
etc.) forming ionic bonds. When there is no significant difference in 
electronegativities between the two atoms the bond is mainly covalent. 
Depending upon the magnitude of the difference in electronegativities between 
the two atoms, the majority of bonds are partially ionic and partially covalent. 
The concept of electronegativity was developed by Pauling (1956) by relating the 
difference between the experimental and the calculated values of bond energies 
to the difference in the electronegativities by the following empirical expression: 

Aab = DAfl(exptl.) - 0.5(D A a + D BB ) = 23.06(x A - x B )' (2.2) 

where x A and x B are the electronegativities of A and B; Daa, D bb . Dab energies of 
A-A, B-B and A-B respectively and 23.06 is the conversion factor from electron 
volts to kilocalories. In the SI system the energies are expressed in kilo Joule (kJ) 
by multiplying the value in kilocalories by 4.184. To obtain comparative values, 
an arbitrary value of x H = 2. 1 was assigned by Pauling to hydrogen, giving 
relative values for other elements. The bond energies of A-A and B-B are 
calculated theoretically and that of A-B is determined experimentally (usually by 
calorimetric methods.) 

The fracture of a covalent bond in a solid leads to ionization of the atoms 
which had been sharing electrons. Thus, a new surface created by fracture of 
covalent bonds, originally present within a covalently bonded solid, becomes 
ionized, polar in character and hydrophilic unless the surface is altered, for 
example, by adsorption of another molecule from the solution or atmosphere. 

Ionic bonding is favored when the difference in electronegativities is high, 
and covalent bonding is favored by small differences in electronegativity values. 
The percentage of ionic character of a bond in a diatomic molecule can be 
calculated by an empirical formula [due to Hannay and Smyth (1946)], 

% ionic character = 16(r A - x B ) + 3.5(x A - x B ) 2 (2.4) 

and the values obtained by equation (2.4) for hydrogen halides agree well with 
the ionic character determined for these compounds from dipole moments. 

The fracture of a covalent bond in a solid leads to ionization of the atoms 
which had been sharing electrons. Thus, any new surface created by fracture of 
covalent bonds, originally present within a covalently bonded solid, should 
become ionized, polar in character, and hydrophilic (unless the ionization is 
immediately neutralized, for example, by adsorption from the environment). 
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Most sulfide and oxide minerals exhibit this behavior. 

Every polyatomic molecule in which the bonds are not symmetrical about the 
central atom possesses a dipole moment and is known as a polar molecule. In 
symmetrical molecules such as CCI4, CH4, C0 2 , etc., the center of positive 
charges coincides with the center of the negative charge, no dipole moment exists 
and the molecule is nonpolar (or apolar). A dipole is a vector quantity, and the 
overall dipole moment is the resultant of complex vectors. 

Dipole moments are valuable parameters in determining the shapes of 
molecules and complexes. They contribute to intermolecular bonding forces, 
which will be discussed in Chapter 6. 



2.4 Co-ordinate Bond 

This is a special class of covalent bond; in which the two electrons for bond 
formation are donated by one atom, whereas in a normal covalent bond each 
atom shares one electron with the other atom. The element giving a pair of 
electrons is donor atom and the one receiving the pair is acceptor atom. The 
molecular group containing the donor atom is called a ligand. 

The donor atom has an electronic configuration, which favors the availability 
of a pair of electrons for co-ordinate bond formation. Common examples are 
nitrogen and oxygen. Nitrogen lias a pair of two electrons in the s orbital and 
three impaired electrons in the p orbital (s 2 p y ). Oxygen has a pair of two electrons 
in s orbital and four electrons, one pair of two and two unpaired electrons, in the 
p orbital (s 2 p 4 ). The three unpaired electrons of nitrogen and the two of oxygen 
are used to form normal covalent bonds. For example, with three atoms of 
hydrogen, nitrogen forms ammonia. Oxygen forms water with two hydrogen 
atoms. That leaves a pair of electrons in the 5 orbital (of nitrogen or oxygen) to 
form a coordinate bond. 

The acceptors are transition metal ions. Their electronic configuration is 
characterized by partially filled d, s and p orbitals. An example is that of iron 
whose electronic configuration comprises 3ef,4s 1 ,4p in the bonding orbitals. In 
ferric ions the s and p orbitals are vacant as the electrons present in them are used 
for forming ionic bond (with an electronegative atom like chlorine or oxygen.) 
The configuration of ferric ion Fe(III) is 3 cf 4.v° 4 p°. When it forms coordinate 
bond by accepting pairs of electrons from donor atoms the d, s and p orbitals are 
merged to form a new configuration called dsp hybrid. When it forms coordinate 
bond with six (three pairs) of donor atoms the orbitals acquire paired electrons 
resulting in a stable configuration of all orbitals with paired electrons, d^^p 6 . 

It should be noted that the net charge on Fe remains +3 representing the 
electrons originally removed to form Fe 3+ ion. If the ligand is a neutral molecule 
like NH 3 , this remains unchanged. However, if the ligand is a charged species 
like cyanide CN' ion, the six cyanide anions forming coordinate bonds with one 
Fe alter the charge of Fe from the original +3 to -3 as each CN' contributing one 
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negative charge. This leads to the negatively charged Fe(CN) 3 6 (ferricyanide) 
ion. 

The number of ligands forming coordination bonds with a transition metal is 
called the coordination number of that metal. A metal can have more titan one 
coordination number depending upon its electronic configuration. In the example 
of ferricyanide mentioned before the coordination number of Fe is 6. Most 
common coordination numbers are 4 and 6. The compounds thus formed are 
called coordinate compounds and their chemistry is a growing branch science 
known as Coordination Chemistry. The ligands which have more titan one point 
of attachment to the metal atom are called chelating agents and the compounds 
formed are called chelate (front the Greek word chela which means the claw of a 
lobster or crab) and the reagents carrying donor atoms are called chelating agents. 
Details of their action will be discussed in Chapter 1 1 . 



2.5. Van Der Waals Bonding. 

Attractive forces between nonpolar hydrocarbon type groups lead to weak 
bonding between such groups. This is not strictly a chemical bond, but lias a 
significant role in nonpolar type minerals like graphite and molybdenite, to be 
described in this chapter. Details of attractive van der Waals forces will be 
discussed in Chapter 6. 



2.6 . Hydrogen Bonding. 

When hydrogen is bonded to the very electronegative elements (F, O, N, Cl) 
or the highly electronegative groups (such as -CC1 3 or -CN), a strong tendency 
for association of the molecules exists. This is evident in gases: For example, 
hydrogen fluoride vapor pltase contains short zigzag chains of polymeric 
aggregates up to (HF) 5 at temperatures below about 60°C. Association of 
molecules is also evident in liquids such as water, ammonia, alcohols, and 
amides, which represent the so-called polar solvents and in which either clusters 
of molecules, as, for example, clusters in water, 

. - H \ HO^ 

R— O 'O — R R — C .C— R 

\ \>„ </ 

H 

R denotes a hydrocarbon chain. C n H 3n+ i. The hydrogen-bonded clusters are 
temporary, since the thermal energies of molecules are usually sufficient to cause 
these bonds to break very rapidly. 

In many biological systems, in proteins, and in solid phases (ice, crystals of 
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NaHC0 3 , CuS 0 4 .5H 2 0) hydrogen bonding is an important factor in the overall 
crystalline structure. The presence of hydrogen bonding is responsible for the 
high dielectric constants of these substances, the high boiling points of their 
liquid phases, and the low vapor pressures whenever these materials are 
compared with compounds of other less electronegative elements in the 
respective groups. 

Tire structure of some crystalline substances is determined by hydrogen 
bonding, for example: 

1. Discrete hydrogen-bonded HF 2 ‘ anions (aird K + ) are found to constitute the 
ionic crystal of KHF : . 

2. Infinite chains of HC0 3 ' are linked by hydrogen bonds in NaHC0 3 . 

3. Infinite layers of planar (B0 3 ) 3 " groups are obtained by hydrogen bonding in 
boric acid, H 3 B0 3 . 

4. Water molecules in ice I (stable at low temperature. 0°-> -20°C) adopt a 
three-dimensional "open” structure (similar to that of wurtzite. 

Hydrogen bonding plays an important role in many interfacial phenomena in 
systems involving oxides and oxidized solids, carbonates, silicates, and water. 
Although the strength of a hydrogen bond (13-42 kJ/mol) is much lower than that 
of a covalent bond, it is frequently sufficient to "tip the scale” whenever 
energetically comparable interactions (per unit area) are involved at interfaces. 

Extensive reviews and treatments of hydrogen bonding are given by 
Pimentel and McClellan (1960), Hamilton and Ibers (1968), Rich and Davidson 
(1968), Zundel (1970) and Jeffrey (1997). Hydrogen bonding has been much 
studied by infrared and Raman spectroscopy. When an atom A enters into A ...H 
hydrogen bonding, changes are observed in the infrared spectra in comparison 
with the spectrum given by the free molecule containing atom A. The 
interpretation of these changes enables the energies of the hydrogen bonding in 
different atomic groupings to be evaluated. Bellamy (1968) and Zundel (1970), 
give detailed accounts of the infrared spectral changes and the consequent 
evaluations of various hydrogen bond energies. 

Hydrogen bond formation is explained simply on electrostatic 
considerations. The electrostatic approach is by far the simpler. A covalent bond 
between hydrogen and a strongly electronegative atom A is highly polarized; i.e., 
a large dipole is created which tends to interact with any other strongly 
electronegative atom B by aligning the positive end, 

A -H + ... B "- 

giving in effect a dipole-dipole interaction. Lone pair electrons play an important 
part in determining the strength and the direction of hydrogen bonds; also, in 
many cases, hydrogen bonds may have some covalent character. 
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2.7 Metallic Bonding and Seiniconductivity 

Occasionally, flotation systems involve separation of native metals, such as, 
for example, flotation of fine free gold, native copper, or "cement" copper. 
Metals are distinguished from other solids by high electrical and thermal 
conductance, strength and ductility. These properties are due to the existence of a 
special type of bonding called metallic bonding, which is neither ionic nor 
covalent nor any combination thereof. 

When two atoms approach each other each energy state of these atoms splits 
into two states. When n atoms are coming together to form a lattice of a solid, 
each energy state of individual atoms splits into n states (levels), some of which 
may be degenerate (i.e., have the same energy). The energy levels are spaced so 
closely together that instead of discrete levels a continuous band of allowed 
energy levels is visualized. The valence electrons (electrons in the incomplete 
outer shell of an isolated atom, which are responsible for bonding between 
atoms) provide two bands. The lower of these two levels of energy results from 
splitting of the filled valence orbitals and is known as the valence band. The 
upper (higher) energy band is known as the conduction band and incorporates 
partially filled or empty levels (resulting from splitting of valence electronic 
levels of the atoms involved). 

Since the splitting of energy states occurs as a result of an overlap between 
electronic clouds of participating atoms, the electrons in the inner shells, which 
are completely filled, do not overlap and show no band structure. Further, the 
distances between the atoms, the so-called lattice constant d for metallic solids, 
play a critical role in determining the diffraction of electron waves and the 
division of energy space into forbidden zones. 

When the interatomic spacing in the lattice is sufficiently small, the 
conduction and valence bands may overlap to a considerable extent (at the 
spacing dM), endowing the solid with high electronic conductivity and metallic 
characteristics.. (Figure 2.1). 

For much larger interatomic spacing di. the energy gap separating the 
velence from the conduction band may be so much greater than the thermal 
energy of electrons kT (k is Boltzmann constant and T temperature on Kelvin 
scale) that no electrons can be excited thermally from the filled valence band to 
the conduction band level. The material behaves as an insulator 

For intermediate spacings d sc . the energy gap is comparable to the thermal 
energy kT, electrons can be excited into the conduction band from the valence 
band by photoillumination or thermally, and the material behaves as a 
semiconductor. 

Semiconductors are nonmetallic solids, which conduct electricity by the 
thermal excitation of electrons across an energy gap. They possess two types of 
charge carriers: electrons in the conduction band and holes in the valence band. 
When electrons from the valence band become sufficiently excited, thermally or 
by photoillumination, they cross into the conduction band, creating holes in the 
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valence band. Their motion in the direction opposite to that of electrons 
contributes to charge transfer and to conductivity, as if the holes were positively 
charged carriers of electricity. Electrons excited into the conduction band are free 
to occupy large numbers of unfilled energy states and conduct electricity. 




Energy 




Figure 2.1. Energy bands in (a) a metallic conductor (with overlapping conduction and valence bands 
at spacing dsi) and (b) semiconductor (at a spacing d sc ). [From Bockris and Reddy (1970),] 



Many pure elements are stoichiometric compounds are semiconductors by 
virtue of their atomic structure (which, in the case of elements, is closely related 
to their position in the Periodic Table, the elements of Group IV in the lower half 
of the Table are semiconductors). These are intrinsic semiconductors. The 
energy gap in them is small, the concentration of electrons into the excited band 
is equal to the concentration of holes created in the valence band, and the product 
of these two concentrations is constant at a fixed temperature. This constant 
depends on the energy gap. In nonintrinsic semiconductors conductivity arises 
when the valence band is not completely filled with electrons. In this case the 
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small number of unoccupied orbitals in the band function as the current carriers. 
These constitute holes in the otherwise filled valence band. The extra electrons in 
the conduction band or holes in the valence band occur as a result of the 
impurities or defects in a crystal. A solid with more electrons in the conduction 
band than holes in the valence band is called an n-type semiconductor (V 
denoting negative charge); a solid with more positive holes in the valence band is 
called p-type semiconductor. The band structure of the two types of 
semiconductors is shown in Figure 2.2. 

The extra electrons or holes cause a shift of the Fermi level E F , away from its 
ideal mid-gap position. Fermi level represents the boundary between filled and 
empty levels. In an »-type semiconductor E F is closer to die conduction band, 
while in the p-type solid it is closer towards the valence band. The mobilities of 
electrons and holes in some intrinsic semiconductors and the respective energy 
gaps are indicated in Table 2.1. 




Energy 



Figure 2.2. Hand structure of a semiconductor, (a) Pure solid; (b) n-type-; (c) />-type 
semiconductor 

As mentioned, semiconductivity arises as a result of impurity atoms.or 
defects in a crystal. Many oxides of transition metals can have high 
concentrations of defects in the cry stal lattice. They are often associated with 
deviations from perfect stoichiometry resulting from the relative ease of 
reduction or oxidation of the metal ion. An oxide acquires u-type 
semiconductivity as a result of slight reduction, wliich leaves extra electrons in 
the solid. Examples of this are found in the oxides of titanium (TiOi), zinc (ZnO) 
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and tin (Sn0 2 ). In a similar way, a solid acquires p-typc semiconductivity by 
slight oxidation. Tliis is observed in the oxide of nickel (NiO). Very pure nickel 
oxide is an insulator with a band gap of 3.8 eV. Upon slight oxidation (which 
may occur by heating in air) it produces some nickel vacancies. For each Ni 2+ 
vacancy, the charge is compensated by oxidation of two more Ni 2+ ions to Ni 3+ 
ions. Conduction occurs by the transfer of an electron between Ni 2+ and Ni 3+ 

Table 2.1. Some Characteristics of Selected Semiconductors; from Teichmann (1964). 



Substance 


Mobility (cm*/V sec) 


Energy 

gap 

(eV) 


Diffusion coefficient 
of electrons at 300°K. 

(cm a /sec) 


Crystal type 


Electrons 


Holes 


Ge 


3,900 


1,700 


0.72 


93 


Diamond 


Si 


1,900 


425 


1.12 


31 


Diamond 


InSb 


77,000 


1,250 


0.26 


93 


Zinc blende 


GaSb 


4,000 


2,000 


0.80 


100 


Zinc blende 


InAs 


27,000 


280 


0.34 


14 


Zinc blende 


ZnS 


— 


— 


3.67 


_ 




CdS 


240 


__ 


2.5 


6 




SbjS, 


— 


— 


2.0 


— 


Rhombic 


PbS 


640 


350 


0.37 


16 


Cubic 


PbTe 


2,100 


840 


0.54 


52 




Cu a O 


250 


57 


2.06 


— 


Cuprite 


Agl 


30 


— 


2.8 


— 





Nonintrinsic semiconductors are also made by introducing impurity atoms; the 
process is called doping. They may be /7-type when an electron donor is added to 
increase the concentration of electrons or p-typc when an electron acceptor is 
added to an intrinsic semiconductor to increase the concentration of holes. When 
a stoichiometric oxide is doped with an impurity oxide of a higher valency 
element an /7-type semiconducting oxide is produced and doping with a lower 
valency element oxide results in p-type semiconductor. For example, when ZnO 
is doped with A1 2 0 3 the Al 3+ ions replace some of the Zn 2+ ions in the lattice. In 
this process electrons are released into the conduction band resulting in /7-type 
semiconductivity. On the other hand, if ZnO is doped with Cu 2 0 the Cu + ions 
replace some of the Zn 2+ ions by accepting electrons from the valence band 
producing holes and p- type semiconductivity. 

Semiconductivity has also been observed with sulfides including several 
naturally occurring minerals. As will be discussed in more detail in chapter 10, 
galena (PbS) was recognized as a /7-type semiconductor many years ago. The 
semiconductivity is caused by the slight stoichiometric excess of lead by the 
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reduction of the oxide. However, if galena is subjected to oxidation by 
atmospheric oxygen it is transformed to a p-type semiconductor. Tliis lias 
implications in flotation, which will be discussed in Chapter 10. A widely 
occurring sulfide mineral of nonstoichiometric composition is pyrrhotite FeS )+x 
Its rate of oxidation is influenced by the nonstoichipometry; see Chapter 4. 

Theories of metallic state and semiconductivity are discussed in advanced 
monographs by Hume-Rothery and Raynor (1962) and Hannay (1959, 1973, 
1975, 1976). 



2.8 Structure of Solids 

Selective separation of solids by flotation is based on exploiting differences 
in surface characteristics of the various solid phases. The surface features are 
primarily determined by the molecular or atomic structure of the solid (whether 
crystalline or amorphous), the types of bonding involved, and, to a varying 
degree, by the past liistory undergone by the solid. In exceptional cases, the 
physical or mechanical treatment received in the past by different solids may 
nullify the differentiating effects due to structure or bonding. Invariably, any 
chemical activity between the environment and the solid modifies the surfaces to 
some extent, but as long as such an action is not too drastic, the structural 
features within the interior of the solid are reflected in its surface properties. For 
more exhaustive treatments of structures and bonding prevailing in various solids 
(whether minerals or chemical compounds), the reader is referred to the texts 
listed at the end. Only a brief review of the salient structural features is 
undertaken here in order to provide a minimum background for those with no 
immediate access to those references. 

The numerous possibilities of altering the surface characteristics by means of 
either mechanical or (slight) chemical treatments constitute both a boon and a 
curse of selective separations. These possibilities are so varied that, at present, no 
ab initio deductions can be made which would predict the influence of all 
parameters, structural, mechanical, or chemical in nature, on surface properties. 
Hence, compilation of observations and experiences is relied upon for predictions 
on the behavior of solid surfaces. 



2.9 Atomic Packing 

Solids consist of either 

1. Long-range (near-infinite) arrays of individual ions or atoms held together 
by nondirectional bonding; examples would be NaCl, MgO, and similar 
ionic solids held by electrostatic forces, metallic solids held by delocalized 
electrons, or solidified inert gases held by van der Waals bonding; or 
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2. Arrays of atoms in monoatomic solids, held by localized covalent bonding, 
extending across the whole volume of each crystal; examples are allotropic 
forms of carbon, silicon, red and black phosphorus, and boron; or 

3. Arrays of discrete compounds (molecules) or of complex multiatomic ions 
held together by nondireclional bonding (van der Waals in the case of 
molecules and ionic in the case of complex ions) and locally, witliin the 
aggregate, by highly directional covalent bonds; some examples are SiO 2 , 
P 4 O 10 , SiC, CCV , SiO^' , CNO-, and SO4 2 ; or 

4. Irregular long-range arrangements of atoms as in noncrystalline glasses and 
polymers, comprising mixtures of bonds. 

Minerals represent naturally occurring substances. A classification of 
crystalline structures represented by different solids, or minerals, may be based 
on the types of principal interatomic bond; ionic, covalent, metallic, van der 
Waals. However, in many stmetures the bonding is often of intermediate 
character, and different bonding operates between various constituent atoms. 
Another classification may be based on geometrical considerations. This either 
associates or separates stnictures which may be unrelated, or closely related, in 
other respects. A rigid classification is thus impractical, and it may be best to 
consider a series of examples representing mineral stnictures of increasing 
complexity. 

The coordination number (C.N.) of a given packing arrangement is defined 
as the number of ions or atoms surroimding the selected ion or atom. If two or 
more atoms are packed together and held by nondirectional bonds (ionic or 
metallic) the geometry of close packing imposes definite limits on critical radius 
ratios (of cation to anion) 011 the relative sizes of atoms (or ions) for each of the 
possible coordination numbers: 2. 3. 4. 6, 8, and 12. These ratios are given in 
Table 2.2. Table 2.3 shows a comparison between the predicted coordination 
numbers and the actual, observed ones for a variety of ionic solids and for metals. 
Generally, the agreement is satisfactory'; the exceptions are due to the presence of 
some directional bonding. 



2.10 Crystal Structures of Simple Compounds 

The structure of a solid may be represented by associating every atom or a 
group of atoms with a point in one of the Bravais lattices, maintaining the same 
orientation for a group of atoms at each of the lattice points. The Bravais lattices 
(Figure 2.3) are defined as three-dimensional arrays of identical points such tliat 
every point has surroundings identical to those of every' other point. There are 14 
such lattices of points possible; each lattice point may be occupied either by one 
atom or ion or by a group of directionally bonded atoms, forming a discrete 
unit, a molecule, or a complex ion, that is repeated with the same orientation at 
every other point. 

A perfect crystal represents a regular array of atoms in a space lattice; this 
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array can be described by a repeating unit, called a unit cell. A space lattice may 
have a number of different unit cells; e.g., the hexagonal Bravais lattice may be 
described by two primitive unit cells (unique cells possessing only one lattice 
point per cell when repeatedly shifted in space) (Figure 2.3). 

Table 2.2. Coordination Number Calculated as a Function of Radius Ratio 
r + /r' (or xjr a ) 



C.N. 


Range of radius ratio for which packing is 
expected to be stable 


Coordination 

polyhedron 


2 


0-0.155 


Line 


3 


0.155-0.225 


Triangle 


4 


0.225-0.414 


Tetrahedron 


6 


0.414-0.732 


Octahedron 


8 


0.732-1.0 


Cube 


12 


1.0 


Cube 

(hep or fee) 



Table 2.3. Predicted and Observed Packing for Different Radius Ratios 



Compound 
or metal 


Radius ratio 

cation/anion, 

rjr a 


of Coordination number 
Predicted 


Obser 

ved 


B 2 O 3 


0.14 


2 


3 


BeS 


0.17 


2 


4 


BeO 


0.23 


3 or 4 


4 


Si0 2 


0.29 


4 


4 


LiBr 


0.31 


4 


6 


MgO 


0.47 


6 


6 


MgF 2 


0.48 


6 


6 


Ti0 2 


0.49 


6 


6 


NaCl 


0.53 


6 


6 


CaO 


0.71 


6 


6 


KC1 


0.73 


6 or 8 


6 


CaF 2 


0.73 


6 or 8 


8 


CaCl 


0.93 


8 


8 


Bcc metals 


1.0 


8 or 12 


8 


Fee metals 


1.0 


8 or 12 


12 


Hep metals 


1.0 


8 or 12 


12 



The unit cell shape mid the crystalline shape (the external shape of a 
macrocrystal morphology of the crystal) are not the same, though they are related 
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Figure 2.3. Conventional unit cells of the 14 Brava is space lattices: cubic lattices: simple cubic/ 5 , 
face-centered cubic F. and body-centered cubic /; tetragonal lattices: simple P. body-centered /; 
orthorhombic lattices: simple/ 5 , base-centered orthorhombic C, face-centered orthorhombic F, body- 
centered orthorhombic /; tnonoclinic: simple monoclinic P, base-centered monoclinic C; 

rhombohedral R\ Iriciinic P; and the hexagonal Bravais lattice is either the P cell shown with solid 
lines or the C cell shown in dashed lines. [From MolTal et al. (1964). The Structure and Properties of 
Materials, Vol. 1. with the permission of John Wiley & Sons .New York.] 









Chemical Bonding 



73 



by symmetry considerations. A wide variation in crystal habit for a given 
chemical species is possible caused by the conditions under which crystallization 
occurs, the presence of trace impurities, stress, etc. 

Trace impurities affect the values of the surface tension differently for 
different orientations (due to the specificity of their adsorption). Hence, new 
ciystal habits are produced. Another indication of the anisotropic nature of the 
surface tension of crystallograpliic orientations is the preferential cleavage along 
certain directions, e.g., cubic cleavage of PbS, NaCl, or KC1, or the rhombohedral 
cleavage of calcite, or the basal cleavage of graphite, molybdenite, micas, etc. 

The unit cells in the Bravais lattices and the external shapes of crystals are 
grouped into seven symmetry systems (Figure 2.3): cubic, tetragonal, 
rhombohedral (trigonal), hexagonal, orthorhombic, monoclinic, and triclinic, in a 
decreasing order of the symmetry elements they possess. The symmetry elements 
of the external form (shape) of the cry stal represent 32 point groups, wliile the 
symmetry elements of the unit lattices represent a very' much larger number of 
combinations, i.e., 230 space groups. 

The simplest crystal structures are adopted by compounds which involve 
nondirectional bonding, e.g., in metals (cubic and hep) and in ionic compounds 
of compositions AX, AX 2 , A„,X.-- A m B„X-. and A m B„X.Y M „ where A and B stand 
for metallic elements. X and Y for nonmetallic elements, and m, n, z, and w are 
simple integers. However, compounds with mixed ionic-covalent-van der Waals 
bonding may also be represented by these structures. 

A. Compounds of the composition AX form the following crystal structures: 

1. The NaCl structure the simple cubic structure, (Figure 2.4) usually with 
strong ionic bonds, with the coordination number (C.N.) 6:6, that is, six 
anions surrounding each cation and six cations surrounding each anion. This 
structure is adopted by most AX halides (e.g., halides of Na, K, Rb, Ag: 
NaF, NaCl, NaBr, Nal, AgF, AgCl, AgBr. etc ), some oxides (MgO, CaO, 
SrO, BaO, MnO, FeO), and some sulfides (MgS, BaS, SrS, CaS, MnS, PbS) 

2. The CsCI structure, i.e., the body-centered cubic (Figure 2.5), with a C.N. of 
8:8, adopted by Cs(Cl,Br,I). NH,C1. and NH. t Br and low-temperature Rb 
halides. 

3. The zinc blende (sphalerite) and the wurtzite structures; both are hexagonal 
structures with a C.N. of 4:4: the zinc blende structure [Figure 2.6(a)] is 
adopted by ZnS CdS, HgS, and BeS and the wurtzite structure by ZnS, CdS, 
MnS, and ZnO. A gradual replacement of Zn by Fe produces marmatites 
(Zn,Fe)S, with varying amounts of Fe, which adopt the zinc blende 
(sphalerite) structure. Structurally related to zinc blende are other complex 
sulfides such as, for example, clialcopyrite [Figure 2.6 (b)[. When Zn atoms 
in sphalerite me replaced by alternate Cu and Fe atoms and the unit cell is 
doubled, the structure of CuFcS;. clialcopyrite, is obtained. (On replacing 
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one-half of the Fe atoms in CuFeS 2 by Sn, the structure of another complex 
sulfide, stannite, Cu 2 FeSnS 4 , is obtained.) 



4. The hexagonal NiAs structure with a C.N. of 6:6 (Figure 2.7) is highly 
anisotropic in character due to the covalent bonding between the two atoms 
A-X; it is adopted by sulfides, selenides, tellurides, arsenides, and 
antimonides of Ti, V, Fe, Co, and Ni (this structure is not represented by 
any oxide). Pyrrhotite, Fe/_*S, is the most common of all these minerals with 
NiAs structure. It has a variable composition, shown to be due to the 
deficiency of iron in the lattice. 



5. The tetragonal PdO or PdS structure with a C.N. of 4:4 (Figure 2.8) is 
adopted by CuO, PdO, PlO, PdS, and PtS. Each divalent metal atom is 
surrounded by four coplanar oxygen or sulfur atoms at the comers of a 
square. 





• :Na; 0:CI 



Figure 2.4. The cubic structure of sodium chloride. NaCl, 
showing the coordinating octahedra of anions round the cations. 
This structure is adopted by galena, PbS. [From Evans (1966), 
with the permission of Cambridge University Press. J 



Figure 2.5. The unit cell of the 
cubic structure of cesium 
chloride, CsCl. [From 
Evans (1966)]. 



B. Compounds of the composition AX 2 form the following structures: 

1. The fluorite (CaF 2 ) cubic structure with a C.N. of 8:4 (Figure 2.9) in which 
the calcium atoms occupy the positions of a fee unit and the fluorine atoms 
are in the centers of the eight cubelcts into which the cell may be divided. 
This structure is adopted by some AX 2 halides with ionic radii ratios greater 
than r + /r" =, greater than 0.7 (e.g., BaF 2 , 0.99; PbF 2 . 0.88; BaCl 2 . 0.75) and 
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some oxides (e.g., ZrCh, 0.57; U0 2 , 0.64; T1i 0 2 , 0.68; Ce0 2 , 0.72). 



2. The tetragonal rutile (Ti0 2 ) structure with a C.N. of 6:3 (Figure 2.10), 
adopted by some halides of divalent metals (MnF 2 , FeF 2 , CoF 2 , NiF 2 , ZnF 2 , 
CaCl 2 , CaBr 2 , MgF 2 ) with ionic radii ratios r + /r' = 0.1-03 and the following 
metal dioxides: Pb0 2 , 0.60; Sn0 2 , 0.51; TiQ 2 , 0.49; W0 2 , 0.47., V0 2 , 0.43; 



CrOi, 0.40; Mn0 2 , 0.39; Ge0 2 , 0.38. 



t* 




®:ZnorS; Q:S or Zn 




• :Cu; #:Fe; Q :S 



(a) (b) 



Figure 2.6. The hexagonal structures of (a) zinc blende and (b) chalcopyrite. [From Evans (1966), An 

Introduction to Crystal Chemistry, with the permission of Cambridge University Press.) 

3. The hexagonal layer structure of cadmium iodide (Cdl 2 ) with a C.N. of 6:3 
(Figure 2.11), with Cd atoms surrounded by six iodine atoms at the comers 
of an octahedron and tliree Cd neighbors to each halogen atom. The structure 
is adopted by Mg, Ca, Mn, Fe, Co. Ni, and Cd hydroxides; halides; and also 
some disulfides, e.g., TiS 2 , SnS 2 . and PtS 2 . 

4. The pyrite and marcasite structures (Figure 2.12, adopted by sulfides, 
selenides, and tellurides of many transition metals, such as Mn, Fe, Co, and 
Ni. The pyrite stmeture resembles that of the simple cubic NaCl structure 
with Cl replaced by the S-S group. The marcasite stmeture is orthorhombic 
with iron atoms at the comers and the center of the orthorhombic cell and the 
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Figure 2.7. The hexagonal structure of NiAs (adopted by pyrrholile Fe;.,S,). The numbers in the plan 
view of the unit cell (top right) denote the elevations of the appropriate atoms within the unit cell. 
[Adapted front Evans (1966) and Wells (1962). | 




Figure 2.8. The unit cell of the tetragonal 
structure of PdO, PtO, PdS and PtS. [From 
A. F. Wells (1986), with the permission of 
Oxford University Press.} 



Figure 2.9. The unit cell of the cubic structure of. 
of tluorite, CaFj. [From A. F. Wells (1986), with 
the permission of Oxford University Press], 



Chemical Bonding 



77 



S-S groups midway between the iron atoms. In both these structures each 
metal atom is surrounded by six sulfur atoms at the comers of a near- 
octahedron, while each sulfur is bonded to one other sulfur and tliree metal 
atoms. The bonding is wholly covalent, with the coordinating octaliedra FeS 6 
sharing faces. On replacing the S 2 group by the As 2 group or a mixed AsS or 
SbS group, a number of more complex compounds, crystallizing in 
structures related to pyrite and marcasite structures (but of lower symmetry), 
are obtained, for example, CoAsS, NiSbS, and NiAsS, 




#:Ti; 0:0 





Figure 2.10. Tetragonal structure of rutile. TiO;, showing 
the cordinating octahedra of anions round the cations 
and the way in which these octahedra arc linked in bands 
sharing by horizontal edges. The structure is adopted by 
Sn0 2 (cassiterite, MnO, and Pb0 2 . [From Evans (1966), 
with the permission of Cambridge University Press.] 



Figure 2.1 1. Portions of two layers of 
Cdl 2 structure. The small circles repre- 
sent metal atoms. It is adopted by the 
hydroxides of Mg. Ca, Mn, Fe, Co, Ni 
and Cd. [From Wells (1986), with the 
permission of Oxford University Press] 
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Figure 2.12. The structure of pyrite, 
FeS 2 . [From Bragg and Claringhull 
(1965), with the permission of Bell 
and Hyman, Ltd., London.] 



Figure 2.13. Structure of molybdenite,MoS 2 . The sheets of 
Mo atoms are shaded to emphasize the "layer lattice". The 
edges of the sheets (from breakage of covalent S-Mo bonds) 
are ionized and hydrophilic. The surfaces of sheets , from 
cleavage between two layers of S atoms are hydrophobic. 

[ from Bragg and Claringbull (1965), with the permission of 
Bell and Hyman. Ltd.. London.) 



5. The layer structure of molybdenite, MoS 2 , (Figure 2.13), producing 
hexagonal crystals in which sheets of molybdenum atoms are sandwiched 
between two sheets of sulfur atoms. The three sheets form a “layer” of the 
structure and constitute an infinite two-dimensional “molecule”: the sulfur 
and molybdenum atoms within the layers are strongly covalently bonded, but 
the successive layers of sulfur atoms are held together by weak van der 
Waals bonds between the two adjoining sheets. These bonds endow the 
mineral with excellent cleavage characteristics parallel to the base of the 
hexagonal crystals producing surfaces hydrophobic in character. The 
structure is adopted by MoS 2 and WS 2 
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6. The silica structure, SiCh, with a C.N. of 4:2, lias three stable forms (each 
with, a and.p modification), i.e., quartz (stable below 870°C), tridymite 
(870°-1470°C), and cristobalite (above 1470°C). The Si-O bonds possess a 
considerable degree of covalent character, with oxygen atoms arranged 
tetraliedrally around Si in such a maimer that every oxygen atom is shared by 
two Si0 4 tetraliedra. 



C. Compounds of the A 2 X composition form the following: 

1. The antifluorite structure with a C.N. of 4:8; it is a fluorite structure with the 
positions of the anions and cations interchanged. Many oxides, sulfides, 
selenides, and tellurides of alkali metals form this structure. 

2. The Cu 2 0 cuprite structure with a C.N. of 2:4: the two sp bonds of the Cu + 
atom are arranged in line (Figure 2. 14). 




Figure 2.14. The cubic structure of cuprite. Cu;(). [From Bragg and Claringbull (1965), Crystal 
Structures of Minerals, Vol. IV, with the permission of Bell and Hyman Ltd., London.] 



D. Compounds of the A,„X : composition (where m and z are integers 1-3) 
usually contain negligible ionic but predominantly covalent and van der 
Waals bonding; their structures become more diverse. The simplest of the 
structures are the following: 

1. The cubic structure of aluminum fluoride, A1F 3 , with a C.N. of 6:2 (Figure 
2.15), adopted by fluorides of trivalent Al, Sc, Fe, Co, Rh, and Pd and trioxides 
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Figure 2.15. The unit cell of the (idealized) cubic structure of aluminium tluoride, A1F 3 . Two 
coordinating [AIFe] octahedra share comers. [From Evans (1966), An Introduction to Crystal 
Chemistry, with the permission ofCambridge University Press.] 




Figure 2.16. The structure of corundum. A1:0 3 . showing successive layers of O-Al atoms. Hematite, 
Fe20 3 , adopts the same structure. A comparison of metal atom distribution in corundum and ilmenite, 
between close-packed layers of oxygen atoms (indicated by horizontal lines A and B) is shown 
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trioxides Cr0 3 , W0 3 , and Re0 3 . 

2. The hexagonal structure of corundum and hematite (Figure 2.16) in which the 
oxygen atoms are arranged in approximately hexagonal close packing; each 
cation lies between six oxy gen atoms, but only two-thirds of the available cation 
positions are filled. In MgO (periclase), all cation positions are filled, -A1 2 0 3 , - 
Fe 2 0 3 , Cr0 2 0 3 , Ti 2 0 3 , U 2 0 3 , -Ga 2 0 3 . and R1 i 2 0 3 adopt the corundum structure. 

3. The face centred cubic structure of pentlandite (Fe,Ni)gS s is rather complex. It 
is believed to be composed of equal amounts of nickel and iron, but shows 
variation. The metal ions are in tertrahedral (four sulfur atoms surrounding one 
metal ion positioned at the four points of a tetrahedron) and octaliedrral 
coordination (six sulfur atoms at the six points of an octahedron with a metal ion 
inside). Coordination refers to the number and position of the sulfur atoms 
surrounding the metal ions. (Klein and Hurlbut. 1985). 

E. Compounds of the A,„B„X. composition (where m, n, and z are integers 1- 
4) comprise a large number of complex oxides, sulfides, and halides of two 
metals and a nonmetal. They adopt structures known as perovskite (CaTi0 3 ), 
ilmenite (FeTi0 3 ), and spinel MgALCf). 

1. The ilmenite structure, FeTi0 3 , is closely related to that of corundum; the 
aluminum atoms between two oxygen layers become Fe, and those between 
the next two layers become Ti, etc., as indicated in Figure 2.16. 

2. The perovskite structure, CaTi0 3 , has the arrangement shown in Figure 2. 17 
with the larger metal atom (or ion) Ca occupying the body-center position of 
the cubic structure (with a 12 coordination by the oxygen atoms and a 
coordination by the smaller metal atom. Ti). About 50 complex oxides and 
fluorides possess the perovskite structure, with the large atoms represented 
by K, Ca, Sr, Ba. Cd. Pb. and La and the small atoms by Nb, W. Ti, Zr, Sn, 
Ce, Hf, Mg, and Zn. e g.. KNb0 3 , SrTi0 3 , CaSn0 3 , PbZr0 3 , PbTi0 3 , 
PbMgF 3 , and KZnF 3 . Any pair of metallic ions, regardless of valency, can 
form the perovskite structure provided their radii are appropriate to the 
preceding coordinations and an aggregate valency of 6 is obtained to 
maintain electrical neutrality; thus, metal pairs of valencies 1 and 5, 2 and 4, 
and 3 and 3 and of appropriate radii r A , r B , and r x such that r A + rX ~ (2) /l (r H 
+ r x ) would form the perovskite structure (A and B represent, respectively, 
large and small metallic ions and X represents a noiunetallic ion). 

3. The cubic spinel slmcturc MgALO., is found in a large number of oxides and 

4. some sulfides, fluorides, and cyanides. It is adopted by compounds in which 
divalent metal ions A and trivalent metal ions B (as in AX.B 2 X 3 where X is 
either O or S) form a "normal" spinel stricture, as in Mg 2 Al 2 0 4 , with A in 
tetrahedral positions and B in octahedral positions. An alternative "inversed" 
stmeture, MgFe 2 0 4 , with the positions occupied by the divalent and the 
trivalent metals being reversed, is also fairly common and is adopted by the 
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so-called iron spinels: magnetite, FeFe20 4 , and spinels obtained when Mg, 
Cu, Co, Ti, and Ni replace the divalent Fe in the preceding formula. 





Figure 2.17. The idealized structure of perovskile, CaTiO.i. A Ca atom is at the cube center and the 
Ti-O octahedra are shown diagrammaticallv. [Adapted from Bragg and Claringbull (1965) and Wells 
(1962).] 

2.11. Structural Changes and Chemical Relationships 

Almost always the nonmetallic atoms or ions are far larger than those of 
metals (Figure 2.18). Hence, the greater part of the volume in the structures of 
the oxides, sulfides, and halides of metallic elements is occupied by the 
nonmetallic component. The structures of these compounds may then be metallic 
components in the interstitial positions described as a close-packed framework of 
nonmetallic atoms or ions with the metallic components in the interstitial 
solutions 

If some of the cationic sites in the structures become vacant, this gives rise to 
compounds of variable composition, e.g., Feo.sO, Fe^S. etc. This is particularly 
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common when the cation has a lower and a higher valency, so that a vacancy and 
an ion of a higher valency in the neighborhood can easily satisfy the condition of 
electrical neutrality within the solid. Another type of change in chemical 
composition is due to solid solutions of two compounds which have the same 
structures and in which the substituting atoms do not differ by more than about 
15% of the size of the smaller atom. For example, A1 2 0 3 and Fe 2 0 3 are fairly 
soluble in various spinels because the cation-deficient structure of spinel allows 
these two oxides to replace the metallic components in the spinel structure. The 
size factor is very evident in halides: KC1 and KBr form solid solutions of any 
composition; however, KC1 and LiCl are mutually insoluble. 
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Figure 2.18. The sizes of some ions and the structures of some complex anions. [From Bragg and 
Claringbull (1965), with the permission of Bell and Hyman Ltd., London.) 



Whenever substances which are chemically unrelated adopt similar 
structures, so-called isomorphism occurs. Thus, for example, NaCl, PbS, NH 4 I, 
and KCN are isomorphous because they all adopt the sodium chloride structure. 
When the ions are equal in size and charge, as, for example, Mg 2+ and Fe 2+ , they 
can be readily interchanged, giving rise to isomorphous substitutions which 
produce numerous ranges of minerals with composition varying from one 
extreme set of components to another - but all with the same structure. When ions 
of different valencies are involved, their ionic size is still the governing 
parameter, and the condition of electrical neutrality is established by a suitable 
combination of substitutions and vacancies. Some elements, like rubidium, do not 
form minerals of their own but are always found as a substituent for K. Mn 2+ can 




